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CHAPTER 1
INTRODUCTION

A graph Is an example of a symbol system which encodes
information through the juxtaposition of marks in a two

dimensional plane: Unllke text which uses a fixed set of symbols,

graphs employ various geometric shapes to encode meaning:

Interpretation of a graph s a visual task. Decoding the meaning

of a graph takes advantage of the human visual system and Its
abllity to Interpret shape, size, texture, color, density, and

spatial relationships. Working In harmony with the cognitlve

structure of the graph reader; the visual system acquires and

transmits Information to the braln and receives feedback from the

brain to féﬁuiéie the viewlng process.
The study of eye movementS In interpreting graphs Is a new

area of research. Eye movement data provides direct empirical
evidence about the cognitive process of decoding a graph. This

research study used eye tracking equipment to gather data on the

position and duration of eye fixatlons when viewing mathematical
graphs: Findings of this study will Béib define Important

variables and bulld an understanding of the cognitlve process of

decoding a graph. This Is the first step to a more complete

understanding of the learning and teaching process involving

perd |
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graphing skll1138; these areas have proven to be deficient in the

past, but promise to be of ever increasing importance in the

1.1 The Importance of Graphs and Graphing Skills

éE&Sﬁé and graphing skiils are an important part of the
mathematics curriculum. The Nstional Council of Supervisors of
Mathematics Identifled graphing skills as one of ten basic
mathematical sk1118 necessary for all students (NCSH; 1977).

School curriculums at all Jevels use graphs as a vehicle for

display and organization of data, In concept deve opment, and in
problem solving. Computer generated graphs In the classroom are
becoming more common as hardware and software Innovations reach
the mass market. Graphs of various types are used In most fields
of study to help organize data and Information, and to present it
more clearly. Graphs can be a compact; understandable, eiegant

tool for conveying the complex relationships between varlables.

1.2 The Problem
Research has indicated that students’ graphing skills are not

developesd beyond the basics of polnt plotting. The First, Second,
and Third National Assessments of Educational Progress (Carpenter,

1975, 1980, 1983, NAEP, 1979) ident\fied students’ graphing skilis
as 'superficial.® Students were ab'e to read simple graphs, but
could ot perform related skills such as Interpreting;

generallizing, Integrating, or extending the information in the

15
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érébﬁ. The Séééﬁa International Mathematics Study (SIMS)
contalned 23 ltems concerned wlth graphing and aﬁalytlc geometry.
Pretest and posttest scores for twelftb grade students enrolled in
precalculus courses were 34% and 43% respectlveiy (Demana & Waits,
1967, and Travers, 1985, Kerslake (1977) found that most 13 - 15
year cids could read graphs and plot points on a grid system, but
were not as successful when It came to Interpolation using
decimals, dealing with questions of slope and rate of change, or
u*derstandlng the relatlonshlp between a graph and Its equatlon
(Hart, 1980) Bell and Janvier (1981) found that most instruction
In graphing deals with polnt reading and some comparison of

ﬁréﬁh e, but does not treat the global features of graphs sich a
general shape. Intervals of rise and fall, and maxlmum increase

and decr ase. The Natlonal Ceuncll of Teacﬁers of Hathematlcs, in

the 1980’3, recommended * increased emphasls' oh higher level

graphlng skil1s such as organlzlng and presentlng data and
graphlcal models in problem solving as an lmportant goal for this
decade (NCTM; 1980).

The present school curriculum s niot preparing students with
the graphing skills that they will need In the future: This fact
ﬁéiéé true for both those students who go on to h‘gher educat lon
as well as those who go dlrectly into the work forc . Evldence
from the three NAEP studles and Second International Hathematlcs

Stﬁd? shows that schools need to do a better job of teaching
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graphing skills. The need for training in these skills for both
college and non-college bound students is clear. We are In the
midst of an Information explosion. The computer age has brought
increased demands on all persons to absorb and understand vast
quantitles of information: Graphs and graphical display: are the
most efficient method of encoding large quantities of information
in easily understood and compact ways.

The question of *Why aren’t the schools doing a better job of
teaching graphing .skilis?* is legitimate. The answer is complex.
It Invoives the content of the eurriculum, piacement of topics in
the currlculum; methods of Instruction; and teacher raining.
But, all of these concerns hinge on a more basic understanding of
what It means to interpret a graph and understand the Information
ericoded In the graph. Mere specifically, what are some of the
critical varlables which define the process of graphical
understood, better answsrs to the previous curriculum and teaching
questions can be formulated: Oniy then can effective changes be
implemented in the currlculum.

1.3 Definitions

For this discussion; graphs will be partitioned into two
broad categorles: mathematica! graphs and data graphs.
Mathematical graphs are those graphs which represent a functionai
or mathematical relationship between two or more variabies. For

example; the graph of the functional relationshlp "f(x) = 2X + 3

17
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Is a mathematlcal graph. Data graphs are graphs which display an
emsirical data set describing one or more variables. An example
of a data graph would be a bar graph showing the nufber of
students enrolled In varlous classes at a school. Both types of
graphs requlre that the user have a set of basic skiiis for the
interpretation and decoding of the Informatlion embedded In the
graph. These basic skills ace generally the same for both types
of graphs. They Involve the abllity to read, interpret.

Integrate, and extend the information in the graphs.

Graphs display physical features and relationships. The
physical features Include the type of graph; scales; amount and
placement of Information, siope, general shape, rate of change,
maximum/minimum values, color, density, background,
dimensional Ity, continulty, density, and Efﬁéf attributes: Simcox
(1981) refers to these attributes as component properties of the
display. There are also holistic properties of the display which
ariee from the interaction and Interrelationships between the
component properties. Together the component and holistic
properties make up the encoding features which graph readers use
to represent the display mentaily.

Interpreting a graph means the cognitlve decodlng of the
visual information tranamitted to the brain. This information
comes from the physical detalls and intérréiétibﬁéhipé of the
graph through interpreting, intégréiiﬁg; generalizing; and

extending the information and relationships of the graph. The

18



Incoming Information can only be inferred from the external
evidence. We cannot peer Into a subject’s brain to examine the
actual é&éﬁiiive process employed. Several edmbéiiﬁé theorles of
cognitive processing have been proposed: These theorles have been

used to explain aspects of the decoding process.
1.4 éEépﬁicai Interpretation Theorles

The way In which data Is encoded into the graphical display
itself is hypothesized to be closely related to the interpretation

of the graph. Tufte (1983) formulated a theory of data graphlcs
that attempts to organize the process of encoding data and show
better ways to convey meaning through graphs: His theory
addressed both the practical factors |ike data-ink ratlos, chart
junk clutter, and Iie-factor ratlos as well as the aesthetics and
elegance of data presentation. Cleveland and McGIll (1985
developed a theory of graphical perception which also dealt with
the encoding of data in graphical displays. They have proposed a
rank ordering of elementary graphical perception tasks which
predict the amount of error In the perception of graphical
details. Pi~i~r (1981) proposed a theory of graphical perception
related to mor  'obal Interpretation of graphs. His hypotheses
stated that gra, -an convey Information effectively because

“...they can display global trends as geometric patterns that our

visual systems encode easily® (Pinker, 1983). He concluded that

the graphical formats used and the kinds of Information conveyed

19



by graphs are not equaily difficult. Certaln types of Informat fon
are conveyed more etilciently in certain graphical formats
according to natursiily percelvable visual patterns within the
graph itsmelf: PiﬁfiE?Q model dealt with more general graph
comprehenslon than the elementary perceptual tasks model of
CleVéléﬁd and HcGlll

Two foci for the lnterpretatlon of graphs have now been
identified: the characteristics of the viewer and the display
itself. When lnterpretlng a eraph these interact In many ways.
Indlvldual differences in background experlence. and previous
knowledge affect the lnterpretatlon of a grash. ériphé
representing the same data, but In sllghtly different versions,
can be lnterpreted ln dlfferent ways by the same vlewer This
ﬁhltldimenslonal interaction of factors can cause prublems when
attemptlng to lnvestlgate causation between the physical features
of the graph and the lnterpretation of a graph: Theories about
how physlcai detalls make a graph understandable help show that
the physical features of the graph can be controlled. The
variable factors are the visual processing and intecpretation by a

human subject.

1.5 Appropriateness of Studying Graphs

While many researchers have Investigated eye movement
patterns In the context of reading text and viewing plctures and
natural scenes; there is no research which applles the methedelegy

of eye Eévement research to reading mathematical graphs or data
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graphs: Graphs have many of the same characteristics as plctures
in that they convey meaning through the presence and Juxtaposition
of geametric elements. Graphs may be more appropriate than
plctures for Investigating eye movement patterns since )arge
amounts of relational Information +an be encoded with a minlmum of
actual markings. Norton and Stark’s (1971) original work on the
theory of *scanpaths® has been criticized on the grounds that the
pictures they used were too simple to provide an Informatlion-rich
viewing scene. Graphs can be very Information rich and yet
involve very few symbollc elements: Tufte (1983, p. 132) gives an

example of a graph vhich maximized the data-ink ratic (see Figure

1>. This graph represents a scatter plot of data. The |imits of
the axes show the maxlmum and minimum values obtalned by each
variable. The offset portions of the axes show the quartile
ranges and the biank spot on each axis represents the medlian score
for that variable. Ten extra pleces of Information about the two
variables In this example have been encoded by the elimination of
Ink from the graph. This is just one example of the parsimon]ous

use of markings conveying a multitude of mean!ng.

g I
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Floure 1: Scatter plot of data showing a high data-ink ratio
(Tufte, 1983).

Eye movement research is an attempt to explaln how meaning is
processed cognitively. If the scene which Is viewed 18 so simple
that It Is devold of most meaning, then there is littie processing
bccurriﬁé as tﬁét picture Is viewed: If the Blciure viewed is so
Information rich that it is complicated, then discovering viewing
patterns may be masked by other Issues sich as the subject’s
existing reference frames. 1If a plcture conta'1s many sallent
featurss, then the competition for attention between these
features may also mask any viewing strategy used by the subjects.
Viewing and iﬁférpréiiﬁé mathematical graphs solves many of these

problems. Graphs can be simple and Information rich.
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1.6 Research Technigue
Information about the specific detalls attended to when
interpreting a graph Is usually obtained secondhand:. The data is

gathered from an Interview during or after the actuai act of

viewing: Use of self-report interview data provides little or no

Informatlon about the exact locatlon and duration of ‘he viewing

scan. Direct eye movement data on the location and duration of
the visual fixatlions can help researchers understand which

features, relationships, and viewing patterns are Important for
correct interpretation of graphs: This study was performed using
eye tracking equipment to define precise eye position, fixation
duration, and total viewing time for the viewed graphs.

Eye movements are classifled into two types, fixations and
jumps. A fixation occurs when the eye comes to rest and focuses

on a specific location in the field of view. A jump IS the

movement of the eye bstween flxations. Eye Jumps are aiso called

saccades (from the French meaning *to jerk on the reins of a
horse*): Processing of new information occurs during fixatlons,
but not during jumps (Wolverton and Zola, 1983). éyé position Is
the location of the center of a fixation. The surface arca of the
‘ixation |8 approximately a circular region with a diameter
corresponding to 2 degrees of angular rotatlon of the eve
(referred to as the foveai area) (Loftus, 1983): The surface area
varies zccording to the distance from the eye to the object being

viewed.
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Fixation duration is the iength of time between sye Jumps
(usually In miliiseconds>. Another way to define fixation
duration Is the length of time the eye remains focused on the same
location before moving to another location. Fixation durations
rznge from a minimum or 50 milliseconds to over 2000 williseconds.
The average fixatlon duration when reading text is between 125 and
250 milliseconds. A minimum of 100 to 125 milliseconds of
fixatlion duration is needed to view an Item and tranamit that
information to the braln (McConkie, 1983). Flxation diurations in
the range of 400 to 1000 milliseconds are considered long.

Total viewing time can be defined in two ways. First, It ean
be the simple total time spent viewing some passage or graph.
Second, total viewing time can be broken down to represent the
total viewlng time spent in specific aceas of the viewing fleld.
For example, if the viewing field were divided Into 100 equal
square areas, then the total viewing time for each of the 100

areas could be calculated and studied. It is in this sscond sense

In order to Identify and Investigate important variables, an
expert versus novice study was done: Expert graph readers can and
do use graphs effectively: They have experlence using graphs to
organize data, develop concepts, and olve problems. They have
successfully acquired the needed graphing skill: Comparing
experts to novices provides more specific information about what

novices need to learn to become expert graph readers. This type

o
“a
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of Information is Important for the educational goal of this type
of research.
Eye tracklng data are eonsldered rellable indicators of

cognltlve processlng and are relatively free from extraneous

influences commonly related to experlmental conditlons. Graesser
and Clark (1985) refer to the rellablllty of eye movement data

Seme psyehologists have argued that complex verbal

beotocols are not valid indices of comprehensicn. Many of

these arguments are based on a "gut skepticism® rather than

on data. One freguent complaint is that the act of

articulating knowledge durlng comprehension Interrupts or

changes the-normal course of comprehension:. _However, the

same complaint could be ralsed about all of the simple

response measures that researchers collect (except eye

movement data). (p.10)
By controlling the graphs which are bréééﬁtéa and the iﬁfafﬁatiéﬁ
given before viewlng a graph, research on graphical interpretation
Uslng eye movement data can reveal relationships between the
physical features viewed, the amount of time spent visualiy
decoding the information In those iééiufeé; and the patterns used

in scanning the scene. This type of research was used to bulid
the HEHEEQEiﬁaiﬁé of the basic graphical Interpretation process

needed for answering the curriculum and teachlng questlons:

1.7 Research Guestions

The two specific dependent variables measured in this study
were subjects’ average flxation duratlon and total viewing time In
certaln areas of mathematical graphs: In 1ight of the previous

research and the documented deficiencies in student performance,

el
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process of graphical interpretation:

1. 1S there a difference between experts and novices in the
total amount of time spent attending to dlfferent

specific areas of mathematical graphs? Does the time
spent In a distinct area of a graph represent a sustalned
amount of viewing time, or Is It the collection of many
short fixations in that area?

2. Is there a difference between experts and hovices in

their average fixation duration In different areas of a
graph? Does one group of subjects have longer average
fixation durations when viewlng certaln areas of a graph?
3. How does the total amount of time and the average
fixatlion duration In distinct areas of the graph
correlate between and within groups of subjects?
4. Does the symbol system (ie. the graph itself) draw the

viewer to the Important areas of the graph?

1.8 Shﬁmary

Eye tracking research on graphical Interpretation is a new
area of research. There were a large number of suggested
questions about the relationship between graphical Interpretation
and several dependent variables. A pilot study was conducted to
help establish which questions and variables would be studied
first. The conclusion was that a study of the dichotomy between

experts and novices would yield Important Information about the

OO
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graphing skills needed by students: The nature of the eye
irackiﬁé equipment aliows questions about fixatlion timé and eye
position to be answered exactly. Evidence from the pliot study
indicated that there were some basic differences between novices
and experts In the total viewing time spent, and the average
fixation duration In certain areas of mathematical graphs. A
careful research study was then designed to ascertaln if the
observations made In the pllot study would maintain under tighter

control and statistical analysis.



CHAPTER 11

REVIEW OF THE LITERATURE
2.1 Introduction

Literature germane to this study of eye movements in graph
interpretation can be separated Into three areas:

1. Reading research using eye movement data
2. iééééf&ﬁ on viewing pictures and natural scénes using eye

movement data

3. Graphical interpretation theorles.

To this date; there s fio research on grah Interpretation
using eye movement equipment. Reading research using eye movement
equipment provides a basis for comparison of the findings of this
study on reading graphs. The research on viewlng pictures and

natural scenes provides a counterpoint to the reading research

relevant to this research because of the nature of graphs. Graphs
share the spatlal nature of plctures. Graphs are an examplie of a
synbol system using the spatlal relationships of geometric shapes
to encode meaning. But graphs also share the symbolic nature of a
text in that meaning Is encoded using §§ﬁbéiié featires rather
than representations of natural features. Both areas of research

1iterature help explain the process of reading graphs.
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Several graphical Interpretation theories have been proposed.
These theorles speculate on the cognitive processes involved in
decoding : graph. Evidence to support these theories is not from
eve movement data, but uses paper and penci] performance tasks.
These theorles provide some insights Into the graph Interpretation

process.

2.2 Reading Research

Reading, In this discussion; is defined to be reading of text

passages for the purpose of understanding and remembering the
meaning encoded In the words. Research using methods of
artificial constraints on the eye movements such as tachlstoscoplc
presentations do not provide information on selective reading
patterns In a *real world® context: This research will not be
considered. If reading patterns are some type of reflection of
mental processing, then reallstic presentation of che stimulus is
essentlal. Generalizabllity of research results is enhanced when
the presantation of stimull closely resembles the formai reading
process being studied. This is true for reading graphs as well as
text.

Reading research concerning eye fixations Is organized aroun
four factors:

1. Elxation duration

2. fixation frequency

3. fixation location

4. fixation sequence
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Fixation quration and fixation frequency are termed temporal
factors since they involve elapsed time factors. Fixatlon
locatlion and flxatlon sequence are called spatial factors since
they refer to the position of fixations, the distance between each
flxatlon and the sequentlal pattern of the flxations ln the
visual fleld. leatlon duration and frequency are the temporal
factors which were the subject of this research study.

Carpenter and Just (1978) defined a rslationshlp between
these two time factors. Gaze duration Is the total time spent
looking at a word In & text without regard to the number of
individual fixations: The length of a gaze duration 18 found by
summlng the durations of all the fixatlons occurrlng on a given
word. For example, lf the word *horse® in a text passage was
processed with three fixations of 175, 220, and 190 miiliseconds,
the gaze duratlon wouid bs 585 milllseconds.

The two dependent varlables de‘lnéa in this study were
average flxation duration and percent of total tlme spent in a
given area of a graph. Average fixation duration was the
arithmetic mean of the duration of all the fixations occurring
within a speciflc area. Percent of total time for a specific area
of a graph was simllar to gaze duratlon for a single word In a
text passage Percent of total tlme. llke gaze duratlon. showed
the sum of the durations of all the fixations In a speclflc area.

5 t. the percent of total time flgure also gave information about

how the fixation freéuency In one area compared to aii tne other
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areas of the graph by representing a Eéiééﬁf of the grand total of

viewlng time for the entire graph.

2.3 Eye Movement Control In Reading

Two differing theories concerning the control of temporal and
spatial eve movements patterns were suggested. The *global*
theory proposed that eye movement patterns were controlled by a
global strategy established before reading began. Bouma and
deVoogd (1974) proposed that eve fixation patterns were
independent of local changes in the viewed text. They suggested
that reading patterns employed ‘buffers® within memory. A buffer
was a memory device used to store incoming information and keep it
avallable for later stages of processing. The theory held that
incoming Information was accumulated and stored In buffers so that
processing could continue after the eyes moved on to another
fixation. The eyes would fixate at a relatively constant rate,
say 200 milliseconds. If the amount of Incoming Information was
250 mi1]iseconds iong, some of the processing of that longer
£ixation would be carried over Into the next fixation: The
processing would *catch up® on some future fixation which took
less that the constant 200 millisecond fixatlon time. For simple
texts, this lagging and catching up process would not accumulate.

565 difficult text passages; the buffer reached its storage
limit: The result of the full buffer was a shift to a slower
processing rate with longer fixatlon dirations so the system couid

complete the processing of new information before the eyes moved

31
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on. 6Veiiii text ’diffiéh’if’j level was the determining factor for
average fixatlon duration. Difficulty with local areas of a text
was not reflected in individual fixation duratlons. The overall
level.

Potter (1983) presented evidence for eight separate buffers
operating within eye fixations, These buffers performed specific
InBut, storage, and output tasks controliing factors such &s
spatial visual memory, conceptual short term memory, working
memory, and location and timing of the next saccade (eye Jump).
Incoming Informatlion within one fixation was stored ir a buffer
while one type of processing occurred and then transferred to
another type of buffer for a different type of processing. This
storage, processing, transferring sequence occurred several times
fbf the Information acquired during each fixation. The buffers
permitted a "decoupling® of the eye and mind thus making the
relationship between eye movements and mental processing less
direct.

The other theory about text propertles In relation to eye
¢ixations was calied the *local control® theory: Just and
Carpenter (1980) outlined the main elements of this theory. The
immediacy assumption of thie theory suggested that the reader
tried to interpret the meaning of each word immediately upon
éﬁc’o’Uhiéiiiﬁé it in the text. Interpretation of words was not

delayed walting for a 6?665 of words to accumulate before the
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interpretation was done: Another important aspect of the theory

was the eye-mind assumption. The eye-mind assumption stated that

a reader contlnued to fixate on a word until some level of
cognitive processing had been achieved based on some criterion.
This continued processing was measured as the gaze duratlon of a
glven word. Processing of the curcently fixated word did not mean
only that word could be processed since concepts from previously
fixated words vere available for use from memory.

Evidence for local control of eye movement patterns Is
substantial. Flxation durations were found to be effected by
local text properties. 0’Regan (1979, 1980, & 1981) found that
fixation durations were longer = shorter words, and when
incorrect letters were In the perlpheral area on a previous
fixation. Fixation aurations were shorter when the fixation was
at the beginning or end of a word rather than In the middle.
Rayner (1975, 1977) found that the duration of the £irst fixation
In a llne of text was longet and the last fixation in a iine vas
shorter. Fixation durations on the areas between sentences were
found to be shorter and fixations on low frequency words v<e
found to be longer. Kliegl; Ol8on, and Davidson (1983) found
fixation durations were longer on low frequency words and when
there was 6Ei9 one fi:ation on a word. ?iiétiéﬁ duration was
influenced by the length and frequency of words which feil outside

the direct fixation areas. Just and Carpenter <1980) found that
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fixation durations Increase for Infrequent words and decreased for
mod! fled nouns whose referent was easily Inferred.

Eéﬁﬁéaﬁ and Murray (1987) éaﬁééfé& good readers to poor
readers vhen reading senterces of two difficulty levels. Good
readers controlled total reading time by Increasing the total
humber of fixatlons and hot changing their average fixation
duration. Poor readers showed ho changé In the number of
fixations on the more difficult sentences: Poor readers made more
fixatlons than good readers when reading sentences coniaihiﬁg
quest ione.

Shebl Iske and Fisher (1981) found fixation durations to be
iéﬁbéi in areas of the text containing more important ideas than
in other areas. Underwnod, Hyona, and Nieml (1987) 3tudied
information zones within words; they found that these important
zones effected fixation durations. More Important zones wers

flxated longer. Freguency of fixations was higher In important

The consensus of these studies was that local properties of
the viewed text directiy Infiuenced temporal eye movement
patterns. Fixation durations were longer or shorter according to
factors In the local areas of the text |ike word frequency,
length, or meaning:

The Issue of global versus local control of eye movements

created a third Issue. Did evidence of local control of eye

Car.
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movements imply immediate control? Immediate control of eye
movements meant that the fixation duration and fol lowing eye jump
were controllied by Information from the cu~rent fixation and not
from information obtained In previous fixat.ons. Evidence of
local control did not necessarily mean impediate control.

Support for this view that the current flcation controlled
eye movements came from Underwood and McConkle (981>, Rayner
(1975), Rayner and Pollatsek <1981, 0’Regan (1981}, McConkie,
Zola, and Wolverton (1980, and Underwood, Hyona, and Nieml
(1987). These researchers used varlous stimulus presentation
techniques to control the amount of Informatlon presented in the
foveal and peripheral viewing regions. By controliing the amount
of Information presented, conclusions about the exact time at
which certain pleces of Information were processed could be made.
Res.1ts Indicated that the current fixation had direct effects on
eye movement patterns. The eye guidance system was control led
from moment to moment by properties of the text. Fixatlon
durztion and frequency, and fixation location were effected by

information from current fixatlons.

The importance of the local control theory was In the
relationship between eye fixation patterns and cognltive
processing. 1f a direct link between local text difficulties and
fixation time were established, then fixation patterns were an

immediate measure of cognitive processing difficulty. If the

global theory wére found more appropriate; then this eye-mind 1ink



would be less direct. Bouma (1978, Bouma and deVoogd (1974),
Kolers (1976), and Shebilske (1975 supported the view that there
was Insufficient time during fixation for immediate control
mechaniams to operate. Buffering, transferring, and interpreting
incoming Information took up more time than the average of 200 to
250 mi11iseconds per fixation: Just and Carpenter (1980 end

McConklie (1979), on the other hand, relled on the hun diacy
assunption to establish the vallidity of their thsories. Noment to
moment processing was a direct measure of cognitive processi-g.
These issues between giobal, local, and immediate control of eye

movements have yet to be résolved.

2.4 Viewing Pictures and Natural Scenes

Pictures and natural scenes (referred to as scenes) can be
thought of a *natural® information as opposed to text which 18
*artificlal* Information: This distinction refers to the eiements
of the viewing field which carry the encoded information. Text is
artificlal In the sense that meaning Is encoded using a set of
constricted symbols placed In a pattern. Scenes ace matural in
the sense that they are made GE of representations or ca-licatures
of real worid objects.

The elements of a scene are not In the same predictable,
constralned order as a text. Text is constrained by the sequence
of letters Ia words, the sequence of words in a sentence; and the
sequence of sentences In a paragraph: Scenes use elements which
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visual fleld. Scenes are constrained in the sense that certain

relationships are expected. For example, the sky I8 up and the

earth Is down, or birds fly and horses walk. But, these
constralnts are much less rigid than those in texts.
The same spatial and temporal characteristics of eye movement

patterns studled in reading research are Important to viewing

In scenes are viewed In a different way than in texts. In scenes,
the location and sequence of fixations Is much iess constrained by
the elements of the information array. Normal English Eext is
written in a left to right pattern of iines from the top to the
bottom of a page. Processing of text requires a general
left-right-return pattern, with some varlations for regressive eye
movements.

Scene processing does not rely on an external pattern for
basic control of eye movements. Guestions of fixation location
and sequence became ones of predictabiiity. Given the present
iaéétiaﬁ; what is the probabllity that the next fixatlon will be
located in a given area? Or, is there a predictable, stable
pattern used when viewing scenes? The control of the spatial
patterns of viewing scenes becomes more Important than for texts
because of the lack of structure inherent in scenes.

Fixatlon sequences In viewing scenes were termed ‘scanpaths.’
Norton and Stark (19713 eriginally formilated the scanpaths theory

postulating a repetitious; sequential, scanning pattern controlléd
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cognitively by a subject. Gale and Worthington (1983) studied the
effects of training §u5;jé’ét§ to use a scanning strategy to direct
their scanpath when viewing chest X-rays, finding some hegative
effects of the training. Nodine and Kundel (1987) studled viewing
strategles when searching chest X-rays for tumors; global Search
viewing in known target areas. Fisher, Karsh, Breltenbach, and
Barnette (1983) investigated scanpaths in relation to recognition
tasks Involving the repeated viewing of identical or similar
plctires, concluding that scanpaths were icosely controlled by the
pattern of Information areas In the viewing scene. étéii& and
Eills (1981) refined the research of Norton and Stark by using
more reallstic pictures and ambiguous figures to chart scanpaths;
they conciuded scanning patterns reflect changes in the cognitive
states of the subject. Antes and Pentland (i981) studied the
effects on scanpaths of the presence of unexpected objects In the
Viewlng area. They found that within subjects there appears to be
a pattern strategy employed when viewlng low context plctures, but
this was not found to hold between subjects: The results of the
research on scanpaths was not unequivocal concerning elther their
existence or their importance in viéuai and cognltlve processing.
Another viewing pattern studied was perceptual scan, or the
size of the useful fleld of view in a fixation. Studies by
McConkle & Rayner (1975) and Rayner (1975) found that when

processing text, the only text analyzed for semantic content was



In an area within +/- one degree of angular rotation from the
center of the ilxﬂ*lon; This Is generally glven to be the size of
the foveal area of the eye. Other Information about the text is
obtained from the peripheral area up t6 about +/- four degrees of
the current polnt of fixation, but this Information s about word
length and piacement; not meaning. Nelson and Loftus (1980)
studied perceptual scan In relation to plctures: They concluded
that when viewing pictures, the eye acquired useful; substantive
iﬁférﬁétiéﬁ from an area of +/- two degrees of angular rotation.

Loftus (1972, 1981) studied fixatlion duration In relation to

viewing plctures. Orlglnally he hypothesiz' that memory

per formance Increased when a large number of short fixations were
made on a scene: Later research under tighter exper Imental
control revealed that fixatlon duration was critical to
performance on a memory task: As fixatlon duratlion increased, so
did performance on the memory task.

Loftus and Mackworth (1978, Goodman and Loftus ¢1981), and
Loftus (1981 studied the effect of important information areas in
umaﬁ&ﬁﬁﬁﬁﬁﬁmmmmmmm%%
information which was unexpected or informative. The conclusion
was that these Important areas were fixated eariier, more often,
and with longer fixation durations.

Locher and Nodine (1987) studied the effect of symmetry in

viewing abstract art. They differentlated between survey
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fixations (lengths of 100-300 niilliseconds) and examination
£ixations Clength greater than 400 mi1]iseconds). They found 65%
of fixations wers of the survey type, while only 18% were
examinztion fixatlons. When single or double symmetry was present
In a compiex display, the axes of symmetry atiracted the eye such
that fixations were concentrated along the axes of symmetry during
an exploratory viewing. However, the number of sucvey and
examination fixations were not infiuenced by the presence or
absence of symmetry.

Molnar and Ratsikas (1987) studied the effect of aesthetic
motivation on viewlng patterns: They told one group of subjects
that questions about the content of art works would be asked after
viewing. The other group of subjects was told they would be asked
questions about aesthetics of the art works viewed. Average
£ixation durations were significantly higher for the aesthetic
group: There was no difference between the groups for the spatiai
issue of saccade length.

Viewing scenes and reading texts have important similarities
and differences. Fixation sequences are more predictable when
reading texts, but the presence of Important or unexpected
Information In a scene greatly incraases the predictabllity of
fixation sequences. The effective perceptual span of a fixation
is about twice as wide for scenes as for test (+/- four degrees
versus +/- two degrees). Fixation duration in viewing scenes Is

related to the characteristics of the elements viewed and ionger
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flxatlons are assoclated wlth concentrated lnspectlon of lmportant
or unexpected elements of the scene, as with text readlng.
Symetri and aesthetic properties d> nof -efer to text but have
effects on eye movement patterns when viewing scenes.

2.5 ﬁrabhieéi iﬁtéféééféfiaﬁ Tﬁéories

Eaanltlve process of décodlhg informatlon from a éréph More
vlsual system ls able to percelve the symbollc elements of a graph
and thelr lnterrelatlonshlps and how the brain translates this

lnformatlon lnto a meanlngful structure. The basis of these

2.6 Visual Information Processing

Visual lnformatlon processing theory (Gaarder, 1975) uses the
conecept of blofeedback to explaln how the braln meolétEé the
process of visual perception. This feedback model holds that
there Is an Interconnection bstween the eye and the brain which
controls what Information Is transmitted to the brain for
broEEQSiES; The eye ls not Just a receptor, Ilke a camera, which
almply records any and all lnformation It recelves Feedback,
prompted by individual bits of information to the brain, 1s sent
to the eye to regulate the next bit of Information to éé sent
The amount of Information recelved by the eye Is much more than

the amount sent on to the brain. The feedback process acts Ilke a
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fliter selecting only some Information for transmission to the
brain (see Figure 2.)

Information “1* Information “i*

received by the eye sent to the brain

Flayre 2: Blofeedback model of visual perception:

Information reaching the brain Is flrst screened for visual
patterns of 1lnes; colors; textures; or large continuous areas:

This pre-processing produces a *visual sketch® (Kossiyn, 1985).
The £irst phase of processing Involves discrimination of large or
obvlous differences in the visual Information. Julesz (1981)
refers to this as a preattentive visual process which
Instantaneously percelives eiements of the visual fleld with little
mental effort. These discriminations are organized into
perceptual units which are then processed In the next phase. For
example, four equal lines that enciose an area are seen as a

square Instead of separate ines.
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These perceptual units are then stored In short-term, or
working memory. At this stage, information critical for correct
interpretation of the perceptual units is accessed from long-term
memory. General background knowledge and specific knowledge i
associated with the perceptual units. If no mental frame of
reference for the perceptual unit exists, then a consclous
recrganization of the viewed pattern in short term memory leads to

a new attempt to interpret the pattern using stored information
(Kosslyn and Pinker, 1983). Only when the proper Informatlon 18
referenced from long-term memory is the Interpretation process
completed.

The “frames® theory of cognitive behavior helps éxpiéiﬁ the
mental processing Involved In acquiiiﬁé meaning from the
perceptual units. The cognitive theory of frames, as originaliy
proposed by Minsky (1975) and refined by Davis (19805, provides a
mental structure which helps explain cognltive decoding of
incoming Information. A mental frame is defined to be *:..a
spééiflé information-representation structure that a person can
build up in his or her memory and can gubséquéntiy tétiié?é from
memory when it 1s needed" iﬁivié; iééé; p. 170): Frames serve as

assimilation schemas for organizing incoming information. If the

incoming information Is not complete, a frame s able to provide
default values for critical areas so that the frame may be used

effectively. Frames are persistent over time allowing the

(Yo g
Co
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Individual to operate in the same pattern regardiess of the

incoming Information.

2.7 Graphical Perception Tasks

Cleveland and McGl11 <1985) proposed & theory of graphical
perception to explain how quantitative information was extracted
from data graphs. Graphical perception was broken down into
separate elementary decoding tasks: Visual decoding for these
Eééké was defined as *...the instantaneous perception of the

visual field that comes without apparent mental effort® ¢(Cleveland

and McGiil, 1985). This Instantaneous perception vas what Julesz

(1981 called preattentive vision.

Cognitive decodisg of graphs was separate from graphical
perception. Cognitive decoding of Information In a graph, such as
scale or siope, vas simllar to decoding of other types of
quantitative information such as a table of numbers. The power of
graphs came from the abllity of the preattentive visual system to
recognize geometric shapex and patterns and judge size
relationships.

Ten éiéﬁéniary perceptual tasks were idéﬁtiiiéa and ordered
relative to the ease of aéébéiﬁg; The higher an elementary
perceptual task ranked on the 1ist, the iess the expected error

when that perceptual task was the main discriminatory factor in
interpreting a data graph. (The tasks and their ordering is shown

in Figure 3.)



Rank Aspect Judge1
b Position a!eng a common scale
2 Position on identical but nonaligned scales
3 Length
4 fngle, Slope
5 Area
6 Volume, Density, Color saturation
7 Color hue

Flaure 3: Rank ordering of graph interpretatlon tasks
(Cleveland and McGill, 1985)

Cartesian graphs were understandable because visual
Information Is decoded by percelving position along a common
scale. This decoding by common scale occurred for both the
horizontal and vertical axes. But the real power of a cartesian
graph came from the abi1ity to perceive the horizontal and
vertical values simultaneously and not separately. The
relationship of points (x|, y|) and Cxj, y;> In .he cartesian
plane was the slope of the 1ine segnent Joining the two polnts
The vlsual system ecslly detected the slope relatlonshlp in a
graph by lmaglnlng a smooth curve through the points (Cleveland
and McGill, 1984).

Fer example. Figure 4 contains a carteslan graph of data
points SIope Judgements between Indlvidual points and fer
muitiple points can be made. Slope between the polnts A and B 18

Judged to be 1ess than one, while slope between points C and D is

N
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much greater than one. General slope Judgements indicate that the
slops greater on the left side of the graph than on the right.

The eye-mind system judges the Féi&fiéﬁship In the graph to be

non-1inear.

.\bl
.-

Flaure 4: A cartesian graph of data points.

Compare Figure 4 with the bar graph In Figure 5. The
information in both graphs Is the same, except the slope
Information has been removed from the graph In Figure 5. The x
and y values can still be Juﬂééd by position along a common scale.
Slope determinatien for palrs of Individual points and for overall

trends can not be perceived as easily, If at all.
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Figure 5: A bar graph of the same paired x and y values expressed

In Figure 4.

This theory of graphical perceptisn was developed using paper

and pencil performance tasks. No eye movement data were col lected
to substantiate the claims of the theory, yet statements about eye
movement patterns are made in relation to decoding of the

a carteslan data graph showing the divorce rate over the last 50

years; Cleveland stated:

o
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Once the varlables being graphed are understood, we can
extract quantitative information:.:... at a very elementary
mental-visual level. We derive this information by scanning
the _plotting symbols, the connecting lines, and the scale

lines; and without consciously looking at the tick mark

labels (Cleveland, 1985, p. 230).

Direct evidence on eye movement patterns In relation to these
elementary graphical perception tasks would help researchers
understand each of the tasks and the interrelationships between
them during graphical decoding.

2.8 Graph Compreheiision

Pinker (1981 proposed a theory of graph comprehension which
was broader in scope than Cleveland And McGlll‘s theory. Pinker’s
theory addressed éegﬁitiVE graph comprehension rather than just
preattentive visual processing: The theory made three claliis.
First, a large number of two-dimensional shape attributes were
easily and quickly identified by the human visual systen. These
attributes Included length; shape, orientation; height,
smoothness, continuity, curvature, paralielism, density, and
others. Second, various aspects of data sets were transiated into
different visual patterns. For example, some data sets transiated
as paraliel lines, some as intersecting lines. Third, experlenced
graphs readers knew the relationship between guantitative trends
and visual patterns for different types of graphs: When decoding a
graph; experienced graph readers looked for higher order visual
patterns such as overail shape or trend without having te refer to

individual points to compare them one by one.
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Predictions of the degree of &ifficﬁiti a graph reader had
when attempting to decode certain types of Information from
certain types of éranns was summarized In one statement:

The ease of readJng a certain type o‘ lnformatlon from a

certain graph_format will depend on. the ~xtent to which that

graph format translates that tcend into a single visual _

pattern that the visual system can automatlcally extract; and

on- the. extent to which the ‘reader knows that _the .

and the visuzi pattern holds (Pinker, 1983, p. 5.

The power of a graph to transmit Information was not uniform
across the types of data presented and questions to be answered.
One type of graph could be good or poor at answerlng guestlons
because of the way geometric patterns were encodeci In the graph
and the experience of the graph render'

Pxnker (1983) conducted three exper!ments to test thls
theory. Results lndlcated that the length of elements In the
graph was easier to decode tnan angle relatlonshlps when reading
individual vaiues of the graph But, when dealing wlth global
trends, angle relationships between the elsments were easier to
decode than length of eleménts. Subjects were able to transiate
visual patterns of the graphs directly to global trends without
looking at individual points when they were famillac with the type
of graph belng vieved. Even when not glven explicit instructions
about the trend-ehape correspondence ln a graph, subJects were

able to lnterpret trends effectlvely when the encodlng var ‘able

(le. length or angle) was easy to decode. Graphs were eaéy or
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difficult to decode depending on the type of information to be

extracted and the naturally perceivable visual patterns.

Pinker used paper and péiieii pétféfﬁa’ﬁéé tasks to gather data
in his experiments. No eye movement data were gathered to
substantiate his findings on why different types of graphs were
easy or difficult to decode. The question of whether subjects
really translated visual patterns directiy to global trends
witﬁbﬁt looking at Individual points of the graph could have been
answered using eye movement data. a
2.9 *How To' Literatire

Tufte’s (1983) book Is an exampie of a *how to* treatment of
graphical interpretation. Several works of this nature (Chambers,
Cleveland, Kleimer and Tukey, 1983; Cleveland, 1965; Fisher, 1982;
Schmidt, 1983) are available. They treat the topics of
statistical data graphs and maps. Their purpose 18 to establ Ish
principles of the effective conStruetioﬁ and use of data graphs

and charts.

2.10 Summary

Research using eye movement data on reading text and viewing
pictures and natural scenes demonstrates the importance of
variables such as fixation duration, fixation frequency; and
fixation location. Texts and scenes are not processed in the same

manner. The nature of graphs Is a combination of the nature of

O [p
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reading and comprehension is not known.

Graph Interpretation theorles provide insights Into the power
of the graphical symbol system to convey meaning. Identification
the effects of each Individual element in the overall process of

graph reading. Knowing what makes a graph easy or difficult to

understand can clarify how Information Is pro--<sed cognitively.



CHAPTER 111
METHODS AND PROCEDURES

3.1 Introduction
The research study described in this chapter took place

during Autumn Quarter, 1986 and Winter Guarter, 1987 at The Ohio
State Unlversity, Columbus; Ohic. The purpose of this research
study was to define and Investigate the differences between hovice
and expert graph resders on the dimensions of average fixation
duration, percent of total viewing time, and performance on a
ééiéétléﬁ and memory task. A further consideration Is to relate

the £indings on viewing time factors to the design of new and more

effective graphing skills curriculum for middle and hish schools.
This chapter contains a description of the eguipment, populations,
limitations of the study, and the statistical analyses used.
3.2 Equlpment Used in the Study

Data oi eye fixation location and duration were gathered
using a MicroMeasurements System 1260 Eye Monitor: This
Instrument uses an RCA TC2511/U Infrared sensitive teievision
camera to track the pupii of a viewer’s eye. The system has a

range of +/- 20 degrees with a sampling rate of 60 Hz. An IBM
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PL/XT micro computer with an IBM Data Acquisition and Control
board was used to iféiéﬁt graphlcal dlsplays. collect and organize
the data, and dlsplay it in aeveral appropriate formats

The IBM Data Acqulsltlon and Control board is a
aiﬁitalisﬁslaa conversion device installed in the IBM micro
computer. This device allowed the collection or transmission of
analng (cont inuous) or diglital (dlscrete) data and the conversion
of data from one form to the other: 6peratlon of the Data
Acquisition and Control board is through machine language
subrout ines accessed from the operating programs. Data is fed
Into the IBM computer fram the eye tracking instrument through the

Bata chulsitlon and Control board and stored in a numerlcal array

within the 6§éEiiin§ program.

3.3 Definitions

Digital data coming from the eye racking instrument is in
the form of a 16 bit binary number which Is updated 60 times a
second. The upper B bits represent the vertical position of the
eye, and the lover 8 bits represent the horizontal position. A
single data point is one 16 bit binary number. Each single data
point Is made up of a Iocatlon ln the vlewlng field and a set
duration of 1760 th of a second. The location of a data polﬁt is
given as a set of coordlnates In the cartesian plane wlth the
orlqln (point €0,0)) in the middle of the vléﬁiﬁi field:. When the
eye is Ibbklhé to the upper right of the field; both coordinates

of each data point are positive: When looking to the lower right,

an|
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the coordinates of each data point have a positive horlzontal
value and & negative vertical value. The viewing field is
four quadrant cartesian plane.

Fixation duration Is the length of time the eye fixates on a
specific location in the viewing fieid. Duration of a fixation is
calculated by multinlying the number of single data points at a
specific locatlon By 1760. For example; Is a single fixation was
made up of 25 single data points, then the £ixation duration would
be .417 seconds or 417 mi)|iseconds.

A minimez Flxation s defined to be a fixation in one
location for at least 50 miliiseconds (.05 seconds). At the rate
of 60 data points per second, 3 data points represent exactly 50
mi1liseconds, the length of a minimum fixation: In order to
constitute & minimm Fixation; the horizontal and vertical
positicn of the eye must be the same for three successive data
points. This sampling rate Is three times faster than a minimum
{ixation; and 18 sensitive enough to differentiate accurately
between actual fixations and data gathered durlng eye ;iumpéa

The neighborhood of a fixation Is an area within +/- 2
measurement units in the horlzontal and vertical direction of a

specific location: For example, if the location of & fixatlon

registered as (-i5, +12) then the neighborhood of that fixatlon
would be between =17 and ~13 in the horizontal direction and

between +10 and +14 in the vertical direction. Because of the
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presence of microscoplic eye tremors and the sensitivity of the

MicroMeasurements 1200 machine; the location of a fixation may not
register exactly the same x-y coordinate reference throughout the
entire fixation. Establishing a nelghborhood of proximity around

a fixation aliows the correct measurement of the Guration and
location of the fixation.

The process of calculating the duration of the fixation has
several steps. After the beginning of a fixation 18 estabiished
by the minimum fixation ééfiﬁitiéﬁ of three data points, each
successive data polnt is examined to see if it falls within the
defIned neighborhood of the established minimun fixation. Data
points that are in the defined nelghborhood are added to the
current fixation. The end of the current fixation is signaled
when a single data point fails the neighborhood test of +#/- 2

measurement units. Once a fixation Is terminated, 1ts iength in
seconds is determined by the number of data points in the
neiaﬁﬁeihéaa miltiplied by 1760; the length in seconds of one data
point. The iocation of the fixation Is taken to be the average of
the coordinate values of the points In the fixation for both the
horlzontal and vertical directions.

A sustalned fixation Is a fixation of 50 msec. or more within
a defined neighborhood of the fixation without moving out of that
neighborhood. Movement out of a neighborhood and then back Into
the same neighborhood is defined to be two separate flxations i

that neighborhcod. Data smoothing involves combining all data

an
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points which occur in a given neighborhood of a fixation into one
fixation with a duration and a location.

3.4 Populations
Two populations were operationaily defined for the purposes
of the study. The *expert® population was defined to be graduate
students and professors In mathematics and mathematics education
currently enrolled or empioyed at The Ohio State University. The
underlying qualification for a subject’s Incluslon In the expert
group was the amount of experience he/she had In reading;
constructing, and interpreting mathematical line graphs. #

significant part of -this experience with mathematical graphs comes

from the process of learning calculus and other higher level
mathematical subjects. It Is in these courses that graphs are
used to display relationships, develop concepts, and solve
problems:

The *novice® population was defined to be students who placed
in level 4 or 5 on the OSU Mathematics Piacement Test and who were
current!y enrolied in Math 050 or Math 075 at The Ohlo State

University. The OSU Mathematics Placement Test is the test given

to all entering students to determine their appropriate placement

level in the mathematics course sequence. A placement in lei 4
or 5 on this test means that these students are considered
*remedial® and mist take non-credlt courses to make up their
deficlencies before credit courses In mathematics can be taken.

Math 050 and Math 075 are the two non=credit remedial courses
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given at The Ohio State University.
high school algebra.

The two populations chosen were both from groups at The Obio
State University for two reasons. First, the avallabllity of
qualified subjects is much greater in the university community.
Subjects considered expert in reading and using mathematical
graphs would be difficult to identify in a general population.
The availabllity c# novice subjects at Ohlo State Is also great
because of the large number of students who qualify for remedial
mathemat ics.

The other reason for the selection of the groups of subjects
from the University community had to do with age and development.
No matter how the novice population was defined; the expert
population had to be defined much as it was. Choosing a group of

novice subjects who where in middle school, on the other hand,

ébuid have introduced Uﬁ596iéibié developmental differences
between the two groups studied: In an effort to reduce the error
and more carefully measure the actual graphical processing
differences between experts and novices, the two groups needed to
be closer In age.

Buring the pliot study, an expert/novice dichotomy was
studied: In that study, experts were from the same population as
defined for this study. The ﬁéviéé group in the pilot study was
selected from graduate students at the University who were

classified as nonmathematical because of their background and
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tralning. ﬁEﬁnwsa@wﬁéaimwﬁaﬁéaﬁiaﬁaw
caused some concern because of the wide differences from subject
to subject: There was littie or no control over whether these
subjects really had much experience with using mathemat|cal
graphs. It was decided that the novice group for the larger
research study should come from a more homogeneous population.
Hence, the novic.s were defined as stated above.

Novice subjects were chosen on a volunteer basis from random
Math 0S0 and Math 075 classes at the University. Expert subjects
were also volunteers, but from a much smaller base population than
the novice group. Expert subjects included In this study did not
participate In the pllot study: The original ressarch pian was
for 25 subjects in each group. New subjects were added to each
group until 25 vaiid data sets for each group were col lected. iIn
all, data was col lected from 28 novice subjects and 27 expert
subjects. Three novices and two experts were eliminated from the

study because of collection probiems with the IBM computer and
probiems with certain properties of eyes. Early In the data

col lection process, three subjects were 10st irom the study
because of disk errors In saving data. One subject was eliminated

because she was wearing dark eye liner and the eye tracking
equipment would not track her pupil. Another subject’s gdata was
Inval id because he did not open his eyes far enough for the eye

tracker to get a good view of the pupll. The total number of
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subjects vhose data was subjected to analysis was 50, 25 experts
and 25 novices.
3.5 Instrumentation

Subjects in the study viewed six mathematical graphs. Aii

ﬁiéﬁﬁé were similar enough so that they contalned the same
physical features: The graphs were of continuous polynomial
functions having features such as maximum and minimum values, axis
Intercepts, and smooth, continuous shape. The graphs represented
quadratic and cubic polynomial functions in a four quadrant plane
(see Appendix A, Figures i4 through 19). During the presentation
to the subjects, the graphs were generated on an 1BM PC computer
In high resolution graphics mode (640 x 200 resolution). Each of
the graphs was piotted on axes that were scaled ldentically.

The performance task consisted of a szt of i!ve multiple
cholce distractors for each of the six graphs (sec Appendix A,
Figures 20 through 25). The distractors were created to be
similar in shape to the actual graph, but differing in important
aspects sich as Intercept values, maximum and minimam points; or
spread of the function. Sorting for the correct distractor
depended on the subject remembering Important numerical
information about the viewed graph. The distractors for each
graph were presented on one sheet of paper and were large enough
so that information about the viewed graph could be written

directly on the chosen distractor.
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3.6 Procedures of the étﬁay
Eye tracking data were collected on an indlvidual basis with

one member of the population being observed at a time. The order
in which the subjects were tested vas not important since the data
collection was on an indlvidial basis. Data were gathered on
fixation duration and the horizontal and vertical position of the
eve in the visual display. Raw data were stored directly on
magnetic computer disks and could be repeatedly analyzed in
exactly the same configuration as when the original tests were
performed:

The data col lection procedure consisted of 8 trlals with the
first and last trial being a scaling routine for calibrating the
eye tracking machine to the IBM computer. The scaling routine

consisted of reading an array of digits (1 to 95 In a three rows

by three columns pattern (see Appendix A, Figure 26). Because o
individual physiological differences in the eye, each subject had
a different scale. Two scaling trials were done for more correct
calculation of the scale for each subject.

Each of the six graph reading trials was a unit in that a
graph was read and the accompanying task was performed befors
another graph and task were presented. An effort vas mads to
minimize confusion factors fram one graph to the next by making
each trial separate. Data storage time allowed subjects time

between triais to relax and prepare for the next trlal.

CHI
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The second trial in the data collectlon procedure was a
practice session using oraph #1 (see Appendix A, Figure 14>. Aii
subjects used the same practice graph. All procedures were the
same during the practice graph reading as dur Ing the actual
treatment except no data were stored on disk from the practice
graph. éﬁéiéété were aware that the first graph ;éi&inq was a
practice session. Subjects were able to get a feel for the
viewing and performance tasks by dolng this practice graph. After
the practice task, subjects were asked |f there were any questions
or concerns about what they were expected to do. Of all the
subjects tested; orly two had any questions after the praetiéé
session.

The other five graph readlng trials were for data coiiection.
The £lve graphs presented in these five trials were the same for
each subject: The order of presentation of the flve graphs vas
rotated. Every sixth subject viewed the graphs in the same order.
This helped spread the tralning effect during the data coliection
sessions evenly across all the trials.

Subjects were given general Instructions before the viewing
sessions began. The Instructions included Information about the

order of the trials in the sequence and the nature and purpose of
the scaling trials. They were told that they would have a
practice trial where no data would be collected. They were not

given information about the specific mathematical functlons



49

represented or other clues about the graphs except that the graphs
vere mathematical graphs:

Instructions about the performance task were general In
nature. Subjects were shown the set of distractors for the
practice graph as an example of what the task work sheets |ooked
like. They were toid to find among the five cholces the graph
they had Just viewed and to write down Important Information about
that graph on the chosen distractor. Subjects were told that they
could write down any information they thought was important
including numbers, words, descriptions, or other things they
chose. Subjects were not Instructed to Include any specific
pieces of information and the words *intercept;* *scale,®
"maximum,® and *minimum® were not use In the Instructions. When
doing the performance task, subjects were allowed as much time as
they wished.

Graphs were viewed for up to one minute each. Subjects were
instructed to view each graph for as long as théy wished up to the
one minute 1imit. They were told that speed was not a factor In
thelr performance. Each viewing session began with a signal from
the operator to begin reading the graph. Subjects immedlately
moved & switch to activate the presentation monltor and the graph
sppeared. When the subject chose to end the viewing, hesshe moved
a switch to turn off the monitor showing the graph. The elapsed
time for reading the graph was recorded using & stopwatch: (1f

the one minute viewing limlt was reached, the graph disappeared

l=p)
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from the monitor.) Immediately after turning off the monitor, the
subjects were given the performance task. Subjects were allowed
to remove their heads from the head rest and fill out the
performance task work sheet.

3.7 Analysis Techniques

Analysis of the eye scanning data on average fixation
duration and percent of total viewing time was done by
superinposing a square grid system over each graph. The graphs
vere blocked with a grid of .833 Inch squares which represents
haif the unit length for the chosen scale of the graphs. The orid
vas positioned In such a manner that the origin of the coordinate
systen !s In the center of a grid square (see Figure 6). There
were 9 rows and 11 columns making 99 separate areas or blocks in
each graph. The blocks were all of equal area, so the probabiiity
(¢ a random £lxation In any one square was equai to approximately
.72 or i%: Specific features of the graphs, such as scale values
or zls Intercepts, were Bibékéé iﬁ the viewing area. Measurement
of the two ééﬁéﬁaéﬁt varlables was per biock. This means for

+xampl-. that when an average fixatlon duration was repo-ted; it
Jac the average fixation for those fixations which occurred within
the 1imits of a particular block. When the percent of totai time
was eéiEUiaééa; it wvas the percent of the total time that was

spent In the different blocks of the graphs.
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Elaure 6: Grid analysis system superimposed over graph #4.

This blocking technique allowed selection of specific regions
for the information contained within them. For example, blocks
cort:ining axes intercepts were Isolated for Investigation. In
the s:7s way that a 1ingulst or reading researcher identifies key
fuhct o words or parts of speech within a text passage, blocking
a graph a'iowed identification of places in tﬁé viewing area that
containea important information for the correct interpretation of
a graph. The determination of the Importance of certain pieces of

information in the graph is well-established by the function of
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these pleces of lnformation in the graph and by mathematical
conventlon.

Blocks of the graphs were labeled in numerical order starting
from the upper left corner from { and proceeding to the right to
11. The second row contalned blocks number 12 through 22, and so
on. The number ing scheme was for differentiation, not to Indicate
any ranking of i - s,

Total vig 1 & giver block was the sum of ail
gixatiors wiikis sa. Viewing time for each graph: read vas
different for eer. diect. atal viewing time In & grid area vas
not reported ‘n seconds but as a percent of the total elapsed
time. Each lndivldual graph reader spent varylng elapsed time
viewing each graph because of indivigual differences. For an
effective comparison, the elapsed time factor was equalized across
subjects by using the percent of elapsed time data.

Maps showing the dependent variabies for each block of each
graph were created for each subject. The Individual subject maps
were the basis of camparisoﬁ for the expert and novice groups of
subjects. For the flve graphs in the study, there were two maps

for each of the 50 subJects for a total of 500 maps. Fer each

subJect one map showed the percent viewlng time and another

(see Appendix A; Flgures 27 and 28).
Data from the performance task was In the form of a score

between 0 and 12 on each of five graphs, or a score between 0 and

—alh
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60 for the aggregate of the five graphs. Points cn the
performance task were awarded on the basis of the subjects’
cholces of graphs from the sets of distractors and the accuracy of

the additional information they provided: 1f a subject did not
choose the cerrect distractor for the viewed graph, no points were
awarded even if the additional numerical information provided was
correct. For each graph, two points were awarded for sach of the
following categories:

1. correct graph

2. x intercepts

3. ¢ Intercepts

4. correct scale in the horizontal and vertical

direction
5. relative or absolute maximum values

6. relative or absolute minimum values

3.8 Statistical Design

The statistical design of the study was a multlvariate
factorial design comparing experts to novices across selected
blocks of the five graphs: Biocks of a graph selected for
analysis were determined by their content. Three categories of
blocks were establ ished before analysis began. They are:

1. limportant biocks

2. less important blocks

3. hnimporfant blocks
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Important biocks are defined to be those blocks of a gragh
which contain essential information concerning the correct
interpretation of the graph. These essential pleces of
Information Include the origin (polnt (005, x-axis intercepts,

y-axis Intercepts, relative maximum values, relative minimum

values; and scale values directly related to maximum and minimum
values.

Less important blocks are defined to be those biocks of a
graph which contain pleces of Information about the graph other
than the important blocks. These less Important pieces of
Information Include general scale values; shape of the curve, and
labels:

Unimportant blocks are defined to be those blocks of & graph
contalning no Information about the graph or biocks where both
groups of subjects spent less than or equal to 1X of their total
time. The 1% level represents what might be expected for a
completely random distribution of fixations on the 99 blocks. A
majority of the 99 blocks of each graph fall into this category.

Analysis of the eye tracking data was done using Multivariate

Analysis of Variance (MANOVA) from the SPSS-X statlstical analysis
computer program. Important blocks of a graph were identified.
These blocks were then analyzed for differences between experts
and novices for the percent of total timé ang average fixation

duration variables. The same procedure was followed for ]ess
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important blocks of the graph. These procedures were repeated for
each of the five graphs in the study.

Further statistical analysis of the eye tracking data was
done using two different correlation coefficients. The magnitudes
of the cell means for the two dependent variables over each group
vere ranked. Spearman Rank Correlation Coefflclents were
calculated for comparisons Sétweéﬁ and within experts and novices
for the two dependent variable. Pearson Product-Moment
Correlation Coefficients were calculated for the same comparisons
using the cell mzans.

Statistical aﬁéiyiié of the data from the performance task

was a t-test of the difference between the two group means.

3.9 Limitations

There are two iﬁbdrtéﬁt limitations of this study which must
be addressed. One concerns the statistical analysis and the other
the task performed by the subjects In the study.

Data collection using eye tracking equipment is time
coﬁsumiﬁg and expensive because it is done on an individual basis.
AlSo, the quantity of data from one subject for one graph |s
large. One minute of data constitutes 3600 pairs of data values.
Each subject had up to 5 minutes of data. As a result, the size
of the sample is relatively smaii. This means tha: wien using the
MANOVA statistical procedure, care must be taken to |imit the
number of variables Introduced into the matrix at one time.
Entering all 99 blocks of a graph into the analysis at one time

68
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would cause erroneous resuits In the analysis. Hence, the humber
of blocks entered Into the analysis at any one time must be
Iimited to less than 12, with a better value being 7 or 8.

The task of choosing the graph just viewed and entering values

for specitic points from memory had some |imitation~. The tasc
was a memory task. More impéiiéﬁtly; the task was intended to
focus the subjects’ 5tiéﬁtiéﬁ on what they considersd to bé the
most Important aspects of the graphs. Asking one or more specific
questions about one graph would have b’iééé’é the subjects’ focus on
the following graph. For example, 1f subjects were asked to
identify the y-intercept after viewing the first graph, then tucy
would probably attend to the y-intercept first o more often on
the second graph. On the other hand, too general a task wouid mot
have focused the subjects’ attent)on in any manner. To say *Just
look at these graphs* was a non-task. This study’s purpose vas to
identify Important variables related to graph Interpretation.

This performance task made subjects focus on what they considerec
Important when reading a mathematicai graph. Evidence from a

pllot study supported this belief.
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CHAPTER 1V
STATISTICAL ANALYSIS

4.1 Introduction
Statisuical analysis of the eye tracking data from the £ive
graphs usez in this atudy was separated into two general

catecories: 15 jmportant blocks of the graphs, and 2) less

imgortar.: plocks of ihe graphs. Important blocks were the area
of the graphs walch contained important information for

Intepretation of the graph: The less important blocks were the
sreas of the graphs which contalned information which was not as
critical as the important biocks for the Interprétation. The
two-way factorial design of the study produced two main effect
terms and one interaction term between the main effects. The two
main effects were iabeled *block® and *training.* The *block®
independent variahle referred to the areas or blocks of the graphs
used as the units of analysis. The training’ independent
variable referced to the expert versus novice levels of training.
The two dependent variables defined in the study were: 1) the
percent of total time spent within blocks of the graphs. and 2)
the average fixitish duration within blocks of the graphs.
Multivariate an:iysis of variance (HANOVA) was the statistical

procedure used to test fo- differences between the groups of
57
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QUSJeeté. iﬁé MANOVA prucedure produced univariate results to
test the two dependent variables separately within the two main
effects.

The main purpose -: this study was to explore the differenses
between experts and r~vice< when viewing mathematical graphs.
the statistical analysis, the *training' Independent varis. .
defined this difference. Since there were only two levels of
tralning; post hoc analyses procedures were not need | to
delineate significant differences between the levels of training.
In ail cases where significant differences were found, the experts
had higher mean values than the novices.

The maln effect for biock did not test for differences
between exp::ts and novices. The block main effect pooled ali

subjects into one group and tested for differences between blocks
for the tuo dependent variables. For cxample, significant main
etfects for block indicated that when different blocks of a graph
were Giéwed, subjects (as one group) hac significant differences
from block to block for the two dependent variables.

Univariate significance for the two dependent Variabies under
the block main effect had a similar interpretation. For exampie,

If significant dlfferences were indicated for average fixation
duration under the main effect for biock, then the coficlusion was

that subjects as a group had different average Fixation durations

when looking at different blocks of & graph.
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Results of the main effect for block did not produce
important Information about the differences between zxperts and
novices. Information from the analysis of this main sffect gave
insight into the graphical symbol system itself. The lack of
significant Interaction between tralning and block was indicative
of the parallellsm In the data across blocks of the graph. This
parallelism also gave Insight into the power of the symbol System.
The implications about the synbol system will be discussed in the
hext chapter.

Information about the differences between experts and novices
in how they attended to the blocks of the graphs was obtain-s
through two correlations of the of cell means. fne procedure was
nonparametric (Spearman Rank Correlation) and one was parametric
(Pearson Correlation). These procedures compared sxperts to

novices for each of the two dependent varlables, -nd compared each

group of subjects to itself for the two dependent - .'jables.
4.2 Research Hypotheses
To find If experts differed from novices for the two time

related dependent variables; the following null hypotheses were

proposed. Null hypotheses Ho; and Ho, refer to the Important

blocks of the five graphs and null hypotheses Hoz and Ho refer to

the less important blocks of the graphs.

Hoj: There Is no significant difference between experts and

novices In the percent of total time spent looking at

blocks of a graph which contain important information.

72



60

Hop:  There Is no significant difference betveen experts and
novices in their average fixation duration when looking

at blocks of a graph which contaln important
information.

Hog! There I8 no significant difference between experts and
novices in the percent of total tlme spent looking at
blocks of a graph ohléh contain less important
Ir.Sormat ion.

Hog: There Is no significant difference between experts and
novices in their average fixation duration when 1ooking
at blocks of a gravh which contain less important
information.

iosz There is no difference between impbriiﬁt and less
important blocks in the correlation between and within
novices and experts for their average fixation duratlior.
and percent of total time variabies across the five
graphs vieved.

Hég: There 18 no slgnlflcant difference between novices and

experts In their scores on the performance task.

4.3 Resuits

Table 1 contains the significance levels from the
multivariate and univariate statistical tests for the important
blocks of the flve graphs used In the stugy. Table 2 contains
simi ar informatien for the less Important blocks of the £ive

graphs.
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TABLE

Signlficance Levels for Percent of Total Time

and Average Fixation Duration
by Biock and Training for Impoctant Blocks of the
Viewed Graphs

i

ﬂ:
y 1
-
[ 6]
[
o
[+ Y

Training by Block 19 089 A0l 215 )

Percent Total Time 825 .3 063
Average Duration 122 .26 .880 .886 162

Block 000+ 000¥¥ 000k 000¥ 000¥¥

Percent Total Time 0004 000%% 000 000%s 000

Average Duration .000%% .000%% .000%% .000%# 0004+

Training .000%# .858 0d44r .000%# 016+
Percent Total Tise .53 994 954 0054 300

Mverage Duration 00188 684 03 w0k 005

#pC.005 #p<.05 N=Mitivariate U= Univariate
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TABLE 2

Signilcance Levels for Percent of Total Time

_and Average Fixation Duration .
by Block and Tralning for Leas Important Blocks of the
Viewed Graphs
Graph 2 3 q 5 6
R N b KU T I
Training by Block 192 561 403 194 i
Peccent Total Tine AT %8 82 0% 061
Average Duration .078 249 158 202 313
Block 001 ¥4 -004#% 00044 L0904 00144
Percent Total Time 0014 094 0008 000 T
Average Duration .001#x .003x¥ .0004# 00usx .001%#
ﬁilﬁiﬁg A2 403 157 446 .231
Percent Total Tise 80 19 3 Py 28
Average Duration ’167 637 ) .060 <256 .932

BpC005 #pC.05 M= mltlmlate U Hnivariate

Results of the analysis Indicated that there were no
significant training-by-block Interactions for any of the five
graphs. This was true for both the important blocks and the |ess
important blocks of the graphs: Testing for block and tralning
main effects proceeded In the absence of significant interaction

between the main effects varlables.
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Multivariate tests for the block main effect showed
significance for all graphs In both the Important blocks and 1ess
important blocks categories. Univariate tests for percent of
total time and average fixation duration within the main effect
for block showed significance in all cases but one. For the less
important blocks of graph #3, the unlvariate test of percent of

Tralning was the variable of main Interest. iésuité of the
analysis for the training maln effect showed differences between
the two categories of blocks and the two dependent variables.  in
the analysis of the important biocks of the graphs (see Table 1),
multivarlate tests showed significance for four of the five
graphs. Only graph #3 falled to achieve significance.

Examination of the univariate results for these four graphs showed
that in all four cases the average fixatlon duratlion variable
achieved significance. The percent of total time variable
achleved significance 6hi’y for graph #5.

The results were diferent for the 1ess important biocks of
the graphs (see Table 23. In the analysis of these blocks, none
of the multivariate tests for the tralning main effect achieved
significance. Interpretation of the univariate tests was not
appropriate In 1ight of this lack of significance. However,
examination of these univariate results showed that neither of the
dependent variables achieved Siéﬁlflééﬁéé for &ny of the five

graphs.
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4.4 An Exaiple

Figure 7 shows an example of one of the graphs (graph #5)
showing the grid system of blocks and the blocks used in the
analysis. The Important blocks of this graph are blocks 47, 48,
19; gb; gi; 71, and 72 (indicated by an asterisk). These blocks
contain the three axes Intercepts, the origin (point (0,0)), scale
values, and Information about the minimum value of the graph. The
less important blocks of this graph are blocks 28, 39, 40, 46, 52,
61, and 83. These blocks contain information about the scale of
the axes In areas not as critical for Interpretation of the graph.
Appendix B, Figures 29 through 32, contalns similar

representations of the other four graphs used in the analy<'s,

™ e fuwe Jooo [mle |mie flo- | - | 1
edaded ali i I 2l 4 4 2 1 . i Lk . il
LS B e § Ll v ¥ v LB g ‘ll AR jr‘ LA |
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wignificance levels for the training main effect for graph
#5, glven in Table 1, Indicate that significant differences were
found between experts and novices €or both percent of total time

(p = .005) and average fixation auration (p = .002} when viewing

the important biocks. Table 3 shows the value of those

ditferences for each Important block for both depencent variables.
The differences between the groups of subjects (in the column
marked *DIff:*) are all posltlve. except for the percent of total

time in Biéék 47. The positive values Indicate that the experts

had higher mean values than the novices. The ﬁiﬁﬁiih&é of the

differences gives an indication of the size of the differsfices

between the groups: These differences were significant for both

variables.

Table 5

for Avéerage *I'atloqﬁﬂgpptlonrard Percent of Total Time
{or lﬁgﬁz;§n1 Blocks of Graph #5

Average Fixation Duration Percent Total Time
Exp Nov CIff Exp: Nov. Diff.

Block 47  .402 284  +:118 10.435 12.985 =2.546
Block 48 .356 .285 +.07: 7.755  5.779 ¥1.976
Block 49 301 (131 +.170 7.751  2.175 +5:576
Block 50 (490 .422 +.068 10.741  10.064 40.677
Block 51 479 .391  +.0:8 15:915 12.879 +3.036
Block 71 .241  .129 +.112 4:167  1.506 +2.661

+:070 13.974  9.929  +4.045

Block 72 .43 .366
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Figures B and 9 are graphical piots of the ceii means found
in Table 3 for the important biocks of graph #5. Plotting the
cell means in this manner shows graphically the parallellsm from
block to block between experts and novices for the two dependent
variables. Signlficant parallelism was indicated by the lack of
significant interaction of the main effect for biock and tralning.
These plots also show the variation in the cell means from biock
to biock which is indicated by the significant resuits for the

bleck main effect.

e
~

Py 2 oo

Eiqure B: Plot of cell means for percent of total time of the
important blocks of graph #5.
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Pigure 9: Plot éifééjiﬁéééﬁérféiiihéfiiéféée fixatlon duratlion of

the important blocks of graph 5.

Significance levels for the tralning main effect for graph
#5, glven In Table 2, show no significant differences between
experts and novices when viewing iess important blocks of
graph #5. This was true for both the iﬁHitWéEiifé and vell as the
univariate tests (multivariate: p = .448; univariate: p = .237 and
p = :256,. Table 4 shows the sign and magnitude of the
differences between the ceil means for these less important
blocks. For each dependent varlable, five of the seven difference
valiues are negative, showing higher cell meane for novices. The
magnitude of the differences Is relatively amail éihéé it is not

significant.
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Table 4

- Cell Means and Differences
for Average Fixatlon Duration and Percent of Total Time
for Leas Important Blocks of Graph #5

Average Fixation Duration Percent Total Time

Exp. Nov. DIiff. Exp:  Nov:  Diff.
Block 28  .084 .134 -:050 )
Block 39  .085 155 -.070

0 426 -0.909
0 0.60
Block 40 .042 075 -.033 g.
3
3

.691 =1.088
4( 042 .07t .824 -1.607
Block 46 (140 (171 -.031 .433 40,941
Block 52  .200 .284 -.084 . ;700 -3.929
Block 61 218  .122 +.096 3.27¢ 1.134 +2.137
Block 83  .131 .113 +.018 2.224 2.282 -0.058

€0
=~J
o
N B s s s

Flgures 10 and 11 show graphical plots for the ceil means
found In Table 4 for the less important blocks of graph ¥5.
Again; the parallelism in the data Is evident, as is the variation

from block to block.
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1 [

Figure 10: Plot of cell means for the percent of total time for

the less important blocks of graph #5.

Figure {1: Plot of cell means for the average flxation duration of
the less important blocks of graph #5.
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Appendlx c, Tables 11 through 18, contalns numerlcal tables

of cell means and dlfferences for the two categorles of blocks for

graphs #2 #3 t4 and #6 As was the case wlth Tables 3 and 4

above. the difference between experts and novices for each of the

two dependent variables ls glven as a slgned number These s:gnet

numbers indicate the dlrecflon and magnitude of the differences

between the Qroups. Appendlx B Flgures 33 thrn;gh 48 tontalns

graphlcal plots of the cell neans from Tables 11 through 18

4, 5 Hypotreses Test Results

Null hypotheses H°1 and Hoz deait with the important blocks
category of the analysls For graphs #2, 3. #2 and %6, null

hypothesls Hoi vas accep ed. Thls lndlcate'l tF-: when 9ieﬁln§

lnportant blocks, there was no s: gnlflcant difference oetween

experts and novlces for the percent of total tlme spt ln olorks;

Null hypotheses 304 was rejected for graph igi lndlcétlnd a
slgnlflca t dlfferenre between groups of sublects ir the Séiééﬁé
of total tlme @ent ln the nupottcmt bloclw lﬁxl»ulo seored

slgnlflcantly hlgher for this varlable (see Table 3)

Rull hypothesls Hoz was reJected for graphs 32 84 @é ané

#6 The results lndlcated that slgniflcant dlfferences were found

between experts and novlces for their average flxatlon duratlon lr

lmportant blocEs of the flve graphs In all cases; experts had
slgnlflcantly hlgher averaﬁe flxatlon duratlons than novlces (see

Table 3 and Appendlx C Tables i1, 15; and 17); Null hypothesis

Hﬁé was accepted for graph #3 aﬁiy.
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Nuli hypotnewes H03 and H04 dealt wfth the Iess Important

blocks of the graphs. Both of these hypotheses were accepted fur

ali flve graphs. No slgnliicant dlfferences were found between

experte ana novices for elther the percent of total tlme or the

average *: -3 lon duration when vi Ing Iess Important biocks of

*he five graphs.

Table 5 contains a summary of th- results of the hypoth eéses

test: for null hypotheses Hoi tn H04 for the flve graphs viewed:

Hypotheses deallng wlth lmpartant blocks of the graphs are Iabeled

with an astsrisk (¥). The other hypoiheses dea't with less

Importent blocks

Table 5

Summary ot,kesolts of the Tests of

Null. Hypotheses H01 to Ho4 for
the Five Viewsd Graphs

Graph 2 2 4 5 6
Null
Hypotheses
¥ aai A A A R A
Ho4 A A A A A

A = Accept R = Reject
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4.5 Rosilis of the Performance Task

The performance task associated with this study vas to select
the correct graph from a set of five distractors and to write down
important nume-ical Information about the graph. Poinis were

awarded based on selection of the correct distractor and -e

presence and correctness of numerical information about the graph.

No points were awarde. .f the wrong distractor was chosen; even if

the numerice! ‘nformation provided was correct. Possible scores
were from 0 to 12 for eacn grash; nr £ 0 to 60 for each subject
across the five grapns in th. si.ay. Sntual scores ranged from 16

to 56 for the experts and 6 to 29 for the novices. Tabie 6

contaiiis a summary of the c:atistics for the two groups of

tubjects;

Table 6
Means and Standard Deviations of the Perforiance Task
for Expe~t: -~d Novices

Standard Devlation: 13.6 5.75
Sample Size: 25 25

A T-test was parformed comparing the two sample means: A

value of t = 6.93 on 48 degrees of freedom was calcula.ed.
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Significance of this vaiue was on the order of P < :0005. Experts

scored significantly hléhér than novices un the performance task.

Hull Hysothesis Ho,e was rejected on the basis of this test.

5;7 -searman Rank Correlatlon L. 1] Neans

fhe é'éiﬁsis of the data for lﬁpor ant and less lmpbrtant

blocks of the five graphs showed a strong pattern. The

multlvarlate tests for the block maln effect vere slgnlficant in

all ten anal?seé of lmportant and less important blocks Except
for graph 83 all univariete tests showed slgnlflcant dlfferences

between b)ocks for both the percent of total tlme and average

flxatibn durétlbn varlables As z meard'e if héﬁ tnese varlnuq

blocka dlffer between experts and nov ces. E numerlcal ranklnt of

the cell means of each block was done for both bércent of total

time and average fixation d..ation variablés. These rankings were

done for both lmportant and less important bloeks of each graph

The theory behind the ranklng was the hlgher tslues for the t"”

atpendent varlables lndlcated a hlgher degree of lmportance

assoclated wlth that bloca For exahple; on the 1mpcrtant blocks

of graph 82. experts had the l;naest average flvatlon duratlon
when viewing block 50 (see ﬁiﬁen&ix C. Table $1). The seven
blocks examined were ranked in order as 50, 28, 17, 54, 52, 19,

and 26. Novices had the longest average fixation duration when
viewing block 28: Their seven blocks were rariked 28. \0 17, 54.

52, 26, and 19.
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This ranking gave some indication of the order of importance

subjects attached to the different blocks Hore totai tine spent

or longer average fixation duratlons indxcated more process:ng

time spent at a location ﬁore PlUbluulHU liwt wednl bLllLl

understangd’ ng or recall of the details viewed. A hiﬁh positive

eorreiation between experts and novlces indicated that time

iuctors were aliocated to given areas of the graph ir a similar

.aner regardiess of the level of training. A low corcelation

indicated that ievel of trair ng made a difference when allocating

viewing time to different blocks A negative correlation

indicated that profound differences s existed for time aliocation

between experts and novices-

The number ¢ 6f a given block had fio relationship to its

relatjve value, ut only represented its poslt'ou in an arra y

The Spearwan Rank Correiation test was used to test the strenéth
of the correiation between the experts and novices for éii

rankings on the two dependent va.iables In the analysis, experts

were compared to n>vices for each dependent variables. For

examp e; the average fixation duration rank'ng for the important

blocks of granh 82 , as glven above, were eorreiated w:th each

other The resul‘ was a Spearmen Rank Gorrelation Coefficient of

929 (p 012) The same expert/no\.ce cnrrelat.on for the les=

important blocks of graph #2 yields a Spearman Rank eorreiation

Coefficient of 39o (p = 168).
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Téslé 7 contain; ; ;hﬁﬁary of the Spearman Rank Cvrrelatlon

Coefficients and significance levels for the various Eigiiiﬁ

subjects comparisons. Slgniflcance 1evals Indicate the

probability that the actual correlation is different than zero.

Slgnificance levels less than .05 indicate a high probablllxl ‘hat

data. Slgniflcance levels greater than .05 indica ¢ a lack of

suffieient evidence to support the claim that the actual

correlatlons are dlfferent than zero.

Spearman Rank Correlatlon Coefficlents for the
- Compar i syns-Between Experts and Novices for
Percent of iotal! Time and Average Fixation Buratlon

Percent Total Tlme

Impertant Blks’ i ;eae, ;93:3: 2:656 .6?9 -?29
Significance 007# .004# .033# .[)48# .007#%
Less Imp*. Biks.  .607  .286 .905 .536 405
Signitlicance 065 .242 .008#% .095 .112

Average Fixation Dur:

Important Biks.  .929  .750 .633 .964 786
Signiflicance 012% .017% .037% .009% 019
Less Impt. Blks.  .393 .429 667 .464 714
Signl ficance .1€8 147 039% .128 016#

#p < ;05 -

86§
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Correlations In this comparison were all positive.

eorrelatlons between exnerts and noxlces for iﬁportant blocks were

significant for all five graprs. Correlations for less impbriaﬁt

blocks were nist slgnlftcant except for three cases (érabh #4 for

both dependent variables and graph #6 for aaéféaé iiiatisﬁ

aﬁfafiéhi These resui£§ iﬁditate that there was a hlgh deqree of

slmllarity between experts and novlces when vlewing lmportant

c ch and Iess slmllarlty when vlewlng less lmportant blocks of

ihe graphs;

As a measice f subjects consistency between the two

ﬁependent varlables, hﬁghin subJect camparlsons vere made uslng

the ;;a; ranklngs nf cel‘ means. Each group of subjects wae
correlated t- |tself across tﬁe two dependent variables. For
exambie; 62§ert§* éééfeé Sﬁ iie pereeni of total tlme varlable

were correlated to thelr own scores for average flxation duration

chh. posltlve correlatlons lndlcated that subJects allocated

féial vJewlne tnme and fixatlon duration time in the same M.nner.

nc ;iﬁiiaiifﬁ in thelr allocat.on of the tua time factors from
blc -k to biock. Table 8 contains the Spearman Rank Correlation

Coefficlents aﬁd sighlflcance lev-ls tor thls comparlson of

subjects to themselves.
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Table 8

Spearman Rank Cortcjattnn Goefticients for the

Compar i sons ¥ithin Subjects for the Percent of Tota:’ Time

and Average Fixatior “yratlion

Graph 2 3 4 5 6
Experts

Important Blks:  .750  .917 866 857 881

Significance .033% .005% .007% :018#» .010%

Less Inpt. Blks.  .964 .07 905 .893  .857

Slgnlflééﬁée .009% 069 008#% 014 .005#%
Novices:

Important -Biks. 593 .867 .967 .607 .952
Sienlflcance 0l4n .007x ;003» .069 .006#
Significance 009% .012% .016x .128 .004%

*p < .05

These ééﬁiifiééﬁ* shoﬁ how con;lgi;nt groups cf sub'ects were

between the two dependent measures. For exambié, when Viéﬁiﬂé

graph #4, the correlation for experts between scores on the

percent ot total time variable and the average fixatlon « tatlon

variable for the important blocks was .866 (p = .007) and fc: the

less Important blnrks was 905 (p = .008). A.. the ) f olat.onq

in this érdub were positive. Correlations were : | slonlflesas

except fe’ three cases (graph #3 for less imvortant Slocks it

ol
e Iy
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graph ¥5 for both important and less important blocks). This

lndlcated three types of consistencies within subJects éthéeis

were conslstent within themselves across the two dependent

measures. across lmportant and less lmportant blocks. and frcm
éraph to graph.

4.8 iéérééﬁ ea;;sa;eisa éi CEii iiiﬁé

novlces. Pearson Correlatlon Coefflclents were calculated for the

same cell mean data used for the Spearman Rank Correlation. The

same comparisons between and wlthln subjtcts for the two dependEnt

variables were made. Important blocks vere contrasted ‘o less

important blocks.

Table 9 contains the Pearson Correlatlon Coeftlclents and
rignlflcance levels for the comparlson agigggﬂ experts and novlces

for the two dependent varlables As wlth the prevloﬁs

correlatlons, slgniflcance ié”éii indlcate the probablllty that

the actual correlation Is gifferent than zero. §l§nlflcance

levels less than 05 lndlcat hlan probablllty that the actual

Slgﬂlflcance levels ;reaner than 05 lndlcate a lack of sufflclent

evldence to support tht clalm that the actual correlatlons are

different than 2erc.

C
<
PMH
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Table Q

Pearson Cotrelatlon,Coeificientseand,Sigﬂjficance Levels

for_the Comparisons Between Experts and Novices. for

Percent of Total Time and Average Fixation Duration

Graph 2 3 3 5 6
Percent Total Time
Important Biks.  .995  .936 892 840 885
Signiflcance .000% .000% .001% .009% ;002#
Lééé;impt " Elki, . 4 1’7 .528 .§997 2540 .4:51
Signlfleance .139 112 D01x .106 .095
Av;riéé leatlon Dur
Important Biks.  .50. .816 861 :969 .814.
Significance N 1 [SACT :004% ;001% .00G#* 00 7%
Less i:}gt: Blks:  .374 .457 .606 .557 502

Significanﬂe .204 .151 .056 .097 .070

*p < .05

Positlve correlatlons lndlcate agreement between experts and

novlces on the waY tlme factors were allocated block by block.

4egatlve correlatlons Indlcate opposlte strategies for tlme

allocatlon between groups of subjects: High correlations indicate
tﬁat time allooatlon strategles are the same for both groups
across a t?pe oL block Low correlatlons xndicate llttle or no

agreemeﬂt ln tlme alloeation strategies;
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All cor-elation coefficients were positive. The corcelations
between experts and novices were significant for both percent of
total time and average flxation muration for the important blocks
of all five graphs. Correlations were not significant for the
less Important biocks in all cases except for the percent of total
time In less Important blocks of graph #4.

This correiational analysis also gave an indication of the
rellability of the selection process for important versus less

important blocks of the graphs. Between subjects correlations
showed how the blocks group together. Important biocks had

significant correlation for both time varisbies. Less important
blocks did not have Sign!ficant correlati=ni.

Table 10 contains the correlaticn coef’: ': -5 anr

significance levels for the within subjects com .- isohs of the

cell means across important and less important blocks of the five

graphs Significance levels have the same meaning for this tabie

as for Table 9 above.
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Tabie 10

Pearson Gorrelation Coefflclents and SIinflcance Levels

_for the Comparisons Within Subjects for. ,
Percent of Total Time and Average Fixation Buration

Graph 2 3 4 5 5
Eiﬁerté
Important Blks.  .605 861 891 .874. :936
Significance 075 .001% :001% .005#= L00n%
Less Impt. Blks:  .878  .789 957 915 910
Signlficance .005% 017#% Coox .002% .000%
Novices
Import-~. Blks.  .B74.  .886.  .931 839 964
Sigiiticance .005% :001% .000it .009% .000%
Less. Impt Blks. .938 .ééé .899 ;Bééf ;?2§W
Slgnlflcance .001% .012% 0D1x :0044 LH00%
# p ¢ ,05

Positive correlations meant that subjects wece consistent in

thelr tlme a, ocatnon strategy Ior percent of total txme and

average flxatlon dnration; Hhen they spent more total time in a

biock thelr averaoe flxatlon duratlons were hlghc : The reverse

would also be true (Ie less total tlme and less aierage fixation

duratlon) Negatlve correlations meant that subJects reversed
thelr tlme allocation strategy, apendlng more total tlme when they

nad shorter averaae flxatlon duratlons and vlsa-versa



Low correlations meant thac subJects were not conslstent
wlthln themselvee. changing thelr viewlng strategy as they Iooked
at different Important blucks or different less important blocks.
Hioh correlations meant that §UbJébt§ had consistent viewing

All of the correla ion coefflclente vere positive. Except
for experts when view!ne xmportant blocks of graph a2 all

correlatlon coefftclents were signiflcant These r-sults

lndicated that sthectq had conslutent v.ewing patterns within
thomse | ves fcr the two viewing t lme facters This cansistencv was
apparent for both important and leas important blocks of all five

' phs;



CHAPTER V
DISCUSSION AND RECOMMENDATiONS

5.1 Introduction

The resuits of this study Indicated that there were both

éifiéfénces and almllarltles between experts and novices when
reedlng methemetlcel grephe. Bifferencee were found for the

average fixation duratlon on lmportant biocks and in the

correlations between uubJecte for the less lmportent bloeks of the

graphc Sl..lerltl fﬂand for the percent of total time

epent vlewlng beth importent and less lmportant blocks and In the

correlations between subJecta for the lmportant blocks.
iiiﬁih subJects correlatinns dlspleyed alnxler time ellocation
etretégléé fér béth ﬁrﬁﬁﬁéz P&riiiéiiiﬁ in tﬁe &éti iﬁoéed

slmi]erit!es between groups of subjects from block to block and
erqﬁed for the pcwer of the aymbol eystem ta draw the viewer to

Importent areas of the graph. Block by block verletlon ln vlewlng

time faciors and the correiations between subjects gave evidence
of local control of eye movement patterns for both experts and
novices. Reccnnnndatlons for ehanges In curriculum and
lnstructlon resulted from both the simllarities anr the

dlfferences between experts and novlces
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5.2 Vieving Time Factors

For four of the five graphe vieved, there were significant
di¢ferences between experts and novices for one of the two time
factors vhen vlewing lmportant blocks of the graphs (see Tab)e i)

There were no dlfferences between experts and novices for eitﬁer

tlme factor uhen vlewlng the less lmportent blocks of the flve

aphs (see Table 2). EXperts did samethlng dlfferent uhen they

moved thelr eyes to the Important blocks of the graphs. They had
longer S;erige flxation= on the blocks which contained important

inforﬁition. Rovlces did not alter their fixation durations in

the same manner when they vlewed lmportent lnformatlon.

the lmportant blocks of the graphs, this dld not mean that they

spent longer perlods of tlme looklng at the lmportant lnformatlon

Except for one 9raph (graph 35) there were no slgnlflcant

dlfferences between experts and novlces for tﬁe percent of total

tlme that was spent on the lmportant or Iess lmportant blocks of
the graphs (see 7;51;; 1 and 25: The simple speculation that

experts read graphs more effectlvely because they spend more tlme

looklnﬁ at the lmportant information was not supported by the

daté. Dn the contrary, the evidence indicated that both groups

ellocated total vlewlnq tlme equa’ly for lmportant blocks of the

graphs: This was also true for the 1ess important blocks:

Flgure 12 contalns a representation of the piréent of total

time ana average flxation duration for a t§pioai Important block
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of a Eﬁi:ih; The two clrcles represent the pr-rcent of totel time

spent in the block by experte and novlcee. The -'ircles are of

equal area. The lengths of the Iine segnents in the clrcles

repreaent the lengths 6f the average flxatlon d.aretlons of the twvo

groups Sihce total tlme ll‘i a block ls the sum of the fixatlon

duratlons. the sum of the Iengthe of the Iine segnents In the

*expert® circle s equal to the sum of the I Ine sé'ginéms In the

"novice* circle I;engths of ‘he Ilne ﬁg”riéhts dlffer.

correspondlng tu the dlfference's found between experts and novlces
for average flxetlvjﬁ 'cﬁrétlb’ii;

Experts Novices

f_—lﬂf_g;ﬂ Vlewing time_ fpr experts and novlces in a typlcel

important block.

Vlewlng tlme for the experte was made up of a smaller number

of Ionqer flxatlons Viewind time for the novlces was made up of

a Iarger number of dwort flxatlons. 'T'heée reeults releted to tﬁe

scores on the performance task. Exiié’rté were able to decode the

c'aphs better as meesured by the ecores on the perfomance task

Experta scored eignificantly hlgher on the performance task th’""
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novices i; < .0005). Some of the reasons for the difference In
these scores were due to factors other than average flxatlon
duratlon. However, Loftus’ (1981) study of average £1xation
duration and performance on memory tasks éﬁhsaftéa an

lnterpretatlon dlrectly llnklng perfdrmance on a task to flxatlon

duratlon ls average flxation duratlﬁn lnereased performance on

the m*mory task lncreased The task ln thla study was & memory

task !xperts had Ionyer average flxation duratibné ln lmportant

blocks and scored better on the performance task.
The analy;ié Sf ih; iess lmportant blocks showed a dlfferent

result Flgure 13 contalns representatlon of the p percent of

total tlme and average flxatlon duration ior a typlcal Iess
lmportant blocE of a afaih In thls case, théré were no
differences between the two groups for either of the two time
factors.

Experts Novices

Elgugg;xal Vlewlng tlme for experts and novlces ln a typlcal less
important block.
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Hhen processlng less lmportant areas of the graphs, there was

no dlfference between experts and novlces for percent of total

t !me or averaqe flxatlon duratlon Experts differentlated between
Smportant and less lmportant blocks of the graph and adJusted

thelr flxétlbn tlﬁéé 5666Eainii§* The slmple suggestlon that
experts do not we;te thelr total vleﬁlng tlme ln less lmportant

areas of the graph Is not supported by the data There was no

dlfference between the two groupe ln total txme allocatlon for

lmpertant or less important blocks of the graphs. It was the

average flxatlon duratlon ln lmportant blocke wh!cﬁ deflned an

lmportant dlfference betGGEn experts and novices.

5.3 Correlation Results

Where the multivariate analysis of the data tested for

dlfferences ln magnltude between experts and novlces. the

correlatlonal analysle tested for proportlonal relatlonshlps

between tﬁe groups of aubJects. leen the relatlve magnltudes of
the cell means, what was the nature of the relatlonships between
experts and novlces fer the two dependent varlables° The results

of the correiatlonal analysls (bﬁth parametric and nonparametrlc)

ahowed some atrona patterns.

Correlation of the ranks of cell means (Spearman Rank

COrrelatlon) and the cell mean values themselves ’Fearscn

Correlatlon) ehowed tnat experts and novlceé had hldhly slmllar
vlewlng tlme allocatlon strategles when attendlng to the lmportant

blpcks of the graphs. Thls vas true for both percent of total

100



time and average ‘lxatlon duratlon across all flve graphs (see
Tahlee 7 and 9) In lmportant bloch where ekperts’ average

flxatlon duratlons vere relatlvely hlgh, novlces average flxation

duratlons vere aleo relatlvely hlih In lmportant blocks where

Eiperti had a reiati'veis? low average ﬂiation duration; novices

were also relatlvely Iow The same relatlonohlp occurred for the

percent of total tlme thle there was thls parallellum between

groups, the expegte were slgnlflcantly hlgher than the novices for

only the averane flxatlon duration varlabie.

patterns were not the same as those of novlces Exeept for the

percent of total tlme onh graph ti the parametrlc correlatlon

(Pearson Correlatlon, Table 9) ahowed no olgnlflcant correlatloné

between expert and novlce tlme allocatlon etrategl

ﬂonparametrlc correlatlons \Spearman Rank Correlatlon, Table 7)

ahowed the same Iack of slgnlflcance except for graph t4
(correlatlon of both depenaent varlahles were slanlflcant) and

graph 86 (correiatlon of average flxatlon duratlon was

aignlflcant) The multlvarlate analysls af tﬁe less iﬁportaﬁt

block- ahowed no algnlflcant dlfferencec ln the mapnltudes of the

percent of total tlme or aVerace flxatlon duratlon but the
correlational analycla showed that there were dlfferences ln

vlewlng tlme allocatlon strateglee For Eiaﬁpief when iiéﬁinﬁ

some less lmportant bloch, novices allocated more percent of

total time than experts even though the magnitudes of the percent
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of time was not slgnificantly different. The reverse was also
true.

6:4 The Power of the Symbol System

Why were experts and novices similar in time a)location
etrategy for the lmportant blocks and dlsslmllar for less
iﬁportint blocks? The answer lles ln the power of the symbol

eystem to draw the graph readers’ eyes to the Important areas of

the graph; Eevel of experlence affected only the abeoiﬁté
magnitude of the average fixation duration In important blocks,
while the relative magnitudes and rankings of the cell means for
the lmportant blocEe were the same for experts and novices.
Novices were 2 attending to the important blocks of the graphs and

allocatlny vlewlng tlme ln those blocks ln the same pattern as

experts, even wlthout al base of experience. The ﬁriphi had the

power to draw novices to Important areas in the same relative

pattern as experta. But once novlces got to the lmportant areas,

the ey dld not change thelr vlewlng strategy by Increasing average

fixation durations as experts did.
The power of the oraph to draw the eye to lmportant areas was

different fram the cognltlve declslon to inerease fixation
6uration. The cognltlve déclslon wa; related to a eubJect’

experience and background If the lmportant areas of the graphs
were accountlno for both the spatlal declelons and the temporal

declslons ln eye movement patterns, then there would have been no

dlfference between subJects for the average flxatlon duratlon In
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1m°Qrtant block3 7 Novlces vere dTaWn to the lmportant areas of
the graphs put did ﬂat make the °°9nltlve decislon to increase
leitlon duratlon for o more éfféétIVe processlng The ﬁtiﬁﬁé
”elhed novices pake the decision® of where to Iook but not the
609“ltlve déclsl°" to concentrate léﬁééf on the Important blocks
a? iﬁé éiﬁérte did.

Less imﬁﬁft‘"t blocks of fﬁ? Sraph did not draw experts’ and
ﬂo lces' eyes In the same way. Thete was no significant
Bl tsrénce between thE magnituéé’ fOr percent of E&Eii iimé or
r;rE ang cell m05“) Vere not sloﬂlfleantly correlatea This
wdleatsa that 1698 Important blocks dig not draw novices’ eyes In
af “bdér like exPerts,

Pinker’s , (1981) theory sugaegted that the power of a graph to
a"\mlt 1nfurmatl°n dependéd on the suitabliity of the type of
cfahﬁ to the question being asked ang the experience of the graph
Teaqﬁr Slgnlflca"t Correlations betveen experts and novices for

th’ lmportant blocks of these carfeslan graphs supported Pinker’s

th’°by for one tYP° of iréih caffe31an graphs were effective in
qllFi,ylng tﬁé matﬁematical relatl°h3h1p between two variables
bec%ge they can draw the reader tO the lmportant Informatlon.
onc® the reader w°°°d hiasher eyes to the Important information,
the sxpérleﬁce of the Ceader guldvd tﬁé cognitive decision of

£1%8% on guration:
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CIeveland and HcGill’e (1984) theory attempted to déflne a

ﬁlererohy of perceptual taske whlch made grephe more or less

understandable The power of a cartesian graph came from the fact

that polnta of the graph were lnterpreted by thelr posltlon along

common Scales in both the horlzontal and vertleal dlrection, and

their relatlonshlp to each other through the polnt to polnt and

qlobal rates of change (slope) Support f&é thls theory was found

in the way readers vere drawn to the lmortant blocks of the

graphs. Most of the important blocks of the graphs from this

study contalned lnformatlon about the aiéé; which are the confion

scales. Both experts and novices were drawn to these lmportént

bioéié in the same pattern. The eraphs vere understandable by

reference to the axes.

5.6 Local Contro! of Eye Movement Patterns

The Bééér éi the graph to draw thé éye to lmportant areas of

the graph does not preclude the lesue of iocal control of flxatlon

duratlon Gldbal control of eye movement patttrns would lndlcate

1ittle or no difference ln flxatlon duratlon from oné area of the

vismal fleld to another. Local control would Indicate eye

movement pattérﬁs which responded to the type of information

present in a glven block: Eiperts were able to respond to the

lnformat!on In dlfferent areas of the vleual fleld -nd !ncrease or

decrease thelr average flxatlon dUratlons. Novlces dld not show

the mngnltude of change ln average flxatlon duratlons. but the

pirélIEIlim !ﬁ the data aaa the correlatlons between groups showed
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that they respondéd to chandlnq informatlon ln the dlfferent
lmportant blocks In the eeme pattern as experts The cegnltlve

decielon to lncrease or decre fixatlon durations was separate

from the spatlal déclslon whlcﬁ vas lnfluenced by the craph belng

viewed.

Thle study dld net lnveetlgate the epatlal HEcislons related

to flxatlon sequence (scanpaths§ This spatial declclon was

dlfferent than the déclslon of where to Iock rlxatlon sequence

was a cognitlve Siiinin declslon more closely related to the

temporal declelon cf flxatlon duratlon. lnveetigatlnq the

relatlonshlp between graph lnterpretati&ﬁ and flxatlon sequence

wlll provlde more informatlon about local control of eye movement
patterns; Thls will be the tcplc bf futUré réééifcﬁ;

6 6 Conslstency Wlthln Subjects

Vlthln-subjects correlatlons shcwed how subJects campared

Gitﬁin themselves for the tﬁc tlﬁe factbrs; ?or example when

experte vleved graph #6. the correlatlon between percent of total

tlme and average fixation duratlon for the lmportant blncks was

936 (p < :001; see Table 10). Thla meant that when experts had a

high average flxatlbn duratlon. they alao ﬁad a high percent af

total tlme ln the lmportant blocEs of graph #6 The reverse was

alao true (le low average flxatlon duratlon meant lew percent cf

total time)* Experts were not spendlng relatlvely Iarﬁe percents

of thelr vlewlnﬁ tlme ln blocks where they had relatlvely shbrt
average fixatlon durations, nor dlg they have relatively short
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fixation duratlons In blocks where they spent relatively large

percents of total tlme.

Thls slgnlflcance pettern of wlthln-subJect correlatlons for
the lmportant blocks was present across all ﬁraphs for both the

parahetrlc and nonparametrlc correlatlons. Unly novlces viewing

greph #4 falled to reach slgnlflcance for the épeerman Rank

Correlatlon (p = 069. see Tabie 16). For the Pearson

Correlatlon, only experts vlewlng graph t2 fan ed to reach

slqnlflcance (p = .075. see Table 18). Both of these exceptlons

were ﬁeréinai.
Correlations within subjects for less Important blocks vere

also significant. Eiéept for the §péérﬁ5n Rank Correlation of

novices vlewlng graph QS, all cé%ééiéiiéﬁs were éiﬁn]fiéant (see
Tables 8 and 10). This meant that even for less Important blocks

of the graphs, both novlces end experts had a dlrect relatlonship

between the relatlve percent of total tlme and average flxatlon

duratlon ln d'fferent blocks:

Subjects were conslstent ln the tlme allocatlon strategles

withln themselves across all flve graphs for both Important and

Ie's lmportant blocks. Thls pattern of conelstency had two

lnterpretatlons. Flrst there was a predetermlned cognltlve tlme

allocatlon pattern whlch subJects used to lnterpret graphs of the
type in the study. Thls was slmllar to the scanpath theory of

H'rton end Stark (1971‘ and lndlcatéa a lack of local control over

eye movement time patterns. Second, local control of the viewing
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time factore affected both percent of total tlme and averaae

flxation duratlon ln the same way and ln relatlvely the same

amounts. For example. when novlces vlewed a blocR, lf they had a
relatlvelv hleh percent of total time In that bloak then fhey had

elatlvely long average flxatlon duratlon. The lnforﬁation in

éﬁé Eiock affected both tlme factors ln the same way.

If predecermlned cognitlve patterns for vlewlng tlme were

belng used then those patterns wouid be global. showlng llttle

varlatlon from block to block. Global theorles of text processlng

etated that average flxatlon duratlon renalned relatlvely constant

across an entlre passage. Evldence ehowed correlatloné between

experts and novicea for the lmportant blocks vere algnlflcant

The multlvarlate analysle showed that there were slgnlflcant

dlfferencea between lmportant blocko for both percent of total

tlme and averagé flxatlon duration (§ee Table 1 'Block' naln

effect). These two pleces of evldénee taEen together lndlcated

that a global pattern for time factors was not oelng used by

subJects for the lmportant blocke. If there vere no global

patterns for the lmportant blocks. then there were no global

patterne for less lmportant blocks since a pattern for one type of

block and not for the other would lndlcate local control.

the graphe dlrectly affected average flxation duratlon for both
experte and novlces. Local control | for experte was apparent

because of the Increased average fixatlon duration on lmpor tant

Pt
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blocks. Local contro: for novices was Indicated because of the

strong correlatlon between experts and novices for iﬁbbftant
blocks. |

The wlthln eubjects correlatlow shawed eimilarlty between

graphs. All of the graphs affected the viewlng tlme factors

wlthin subjecte in the eame way. None of the craphe. for example,

caused the subJects to dISpIay an Inverse relatlonship between the
two time factors.

5.7 Reeommendations

The maln purpose of thls etudy vas to ldéntify varlables

crltlcal to graph lnterpretation as a first atep ln deslgnlng

better curriculum materials and methods of instruction. The

results of the study ahowed that the experlenee of the grapﬁ

readir played a maJor roll ln the interpretatlon procees by

algnallng the need for the cognitlive decision to increase fixation

duratlon ln lmportant blbcke of the graph. The mathematlcal

graphs ueed ln the study had the abllity to draw experti’ ae well

novlcee’ eyes to the lmporfant information: These two factﬁré

indlcateé iéé speclflc recommendatlons.
1. Students should be given substantially more experience In

readlng, lnterpreting. and usinq informatlon ln graphlcal

form; éx;;és;né;; using mathematical graphs should begin

at earller levels and be more lntense lnvolvlng both

currlculum aﬁd teichlhé méthéae;
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5; He “-matlcal graphs are understendable and approprlate
for even novlce users, and shohld be ueed ln more

instances throughout the ccrrlcul’”
The eblllty to lizlement these recommendations in the schools
at the present tlme ls wlthln reach. ihe BQSE wey for etudents to

éet iore experlence ln uslng grephs ls to provlde them ”ith

he

q-ﬂw

effort Heny teechere shy away from uelng mathematlcal grephs for

concept d6velopment or problem solving beceuse of dlfflculty ln
creetlna end menlpuletlng meny :netences of grephe. Polnt

piottlng can be a time consumlny task For 2 student to create a

useable, eccurete graph often lmplles the ctudent elreedy

understends the concept or problem belng studled REIyinE éﬁ

prlnted materlal to dlspley the exact mathemetlcel graph needed In

a glven teachlng situatlon ls often dlseppointlng

Hethematical graphs need to become a teechlng end Ieerninq

tool whlch can be used ln eny sltuatlon, can be tellored to the

epeclflc problem et hand and can be manlpulated easlly and
efflclentlv to iiiﬁstrete dlfferent situetlons Eomputers and

eraphlng calculetors ( Ceslo, Sﬁerp, end Hewlett PecEard) can

create eccurete, useeble. and eesll? menlpuleted mathematical

grephs. Theee machines can do for grephs whet hend-held

celculetors have done for erlthﬁetiéf They meke concepts end

ekills accessible earller and give etudente a base of experlence

throﬁéh multlple exposure to many dlfferent types of grephs When
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solving problems, Polya‘s (1945) general problem soiviné technlque

of drawlng a plcture to help understand the problem can now be

extended to lnclude drawlng a graph to understand the relatlonshlp
between the variablies in the problem. Students and teachers now

have the ability to explolt the human vlsual processlng system to

édd another dlmenelon to the teachlna end Ieernlnq of methematICf.

In most school systems, personal computers are avallable.

Good graphlnc software ls svallable. or programs can be wrltten

for speclflc lnstances Professlonal Journals Iike The

- often have articles for teachers uslno graphs

for concept development or problem solvlng. computer programs are

usually provlded. Grsphlng calculators are relatlvely lnexpenslve

and easi to use. As research end development costs are recouped

and competltlon ln the market lncresses. costs for these

calculators wlll be further reduced

The hardware and software are in plece or reedlly avsllable

The mlsslng element ls the lnteoratlon of the new methods lnto

currlcular materlals to be used ln the schools Thls step is not

as easy as it seems. Currlcular change s slow to say the jeast.

Innovative teechers wlll recognlze the beneflts of thls orEphlng

technology and make thelr own changes Other teachers wlll rely

on textbooks for guldance ln ﬁhat and how to teach. Bften the

only effectlve means of changlng teachlng methods ls through

attrition. Pre-servlce teachers need to be taught the lmportance

and effectlveness of uslng graphs as teachlng and learnlng tools

[~y
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Textbook publishers need to be encouraged to include more
graphical learning methods in their books, and to Integrate the

new technology in effective ways.

The mathematical graphs used In this study had the power to
draw novices’ eyes to the important information. While these
novices were not 11 or 12 year olds, their mathematical know]edge
and experience was |imited. They responded to Important
information In the graphs in & manner simiiar to experts.
Mathematical graphs could be used more extensively in the
pre-aigebra mathematics curriculum at the middle 8chool/junior
high level for concept development and proble; solving. Research
found that students were good at plotting points, a common early
graphing experience. Early graphing experlences need to be
extended to Inciude graph reading and Interpretation skilis at
this level.

Common Algebra I and II courses provide many ébpéiiﬁﬁltiéé
for interactive use of mathematical graphs. Por example, when
learning about the slope of the graph of a linear equation,
students could experiment with many examples to develop an
understanding of |inear graphs with slopes greater than one as
compared to 1inear graphs with iiﬁiéi between zero and one. Or,

when studying functional transformations such as *f(x) = x2°

transformed to "f(x) = (x - 2)2," students could experiment to

help develop the concept themselves:
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Higher level mathematics In high school and college have just
begun to explolt the modern technology and Interactive graphing
for teaching and learning. New techniques for solving problens,
understanding relationships, and developing concepts are being

used. Por example, Solving a cubic equation for its roots can be

done with a graphing calculator by *zooming in® on & root and

estimating its value. This estimation can be as accurate as the
machine will allow, usually B to 10 decimal places.

Mathematics instruction at all levels can benefit from
Incressed use of mathematical graphs. Experience with
mathematical graphs should begin earlier and be more intense in
the curriculum. This Eipéiféﬁéé should be expanded to include
Interpretation of graphs and not Jjust point piotting. Like
reading, novice graph readers become more adepi In reading and

undefﬁtandiﬁé mathematical ﬁréﬁﬁé by having more experience @i th
them.
5.8 Puture Research

Future studies of éiiﬁﬁ iﬁté?é?éfifiéﬁ shouid bulid on the
findings of this study for polynomial graphs and shouid branch out
to include methods of instruction, problem 8olving techniques,
other types of graphs and other populations: Investigations
should Include iﬁéi?ééi of fixation sequence (scanpaths) for

interpretation theories are supported by eye movement data.

Hﬂ\i
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Techniques of instruction using mathematical graphs In concept
development should be compared to non-graphical methods. Prodle:
Solving using graphs could be studied using an expert/novice
comparison similar to this study: Methods of teaching problem
solving skilis with and without graphs could be contrasted. Other
age groups should be studied to see if the results of this study
generalize to younger students, or If there are other simiiacities
and differences yet to be dlscovered.

Bach of these studies has impl ications for currlculum and
instruction in mathematics classrooms. Some studies have more

direct relatiorships to the classroom, but each study will advance
our knowledge of how to teach and use mathematical graphs In the

classroom and in the real world.
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APPENDIX A

FIGURES 14 THROUGH 28 REFERRED TO IN CHAPTER 111
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Elaure 26: Scallng pattern for eye movement data with a subject’s
scal ing data shown.
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APPENDIX B

FIGURES 29 THROUGH 48 REFERRED TO IN CHAPTER ,V
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Eigqure 33: Plot of cell means for percent of total time of the

important blocks of graph #2.

Flauce 34: Plot of cell means for average fixation duration of the
important blocks of graph #2.
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Elayre 35: Plot of cell means for percent of total time for the

less important blocks of graph $2.

Elaire 36: Plot of cell means for average fixation duration of the
less jmportant blocks of Graph #2.
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Figure 97: Plot of cell means for percent of total time of the
Important blocks of graph #3.
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Elaure 38: Plot of cell means for average fixation duration of the
Important blocks of graph #3.
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Flaure 39: Piot of cell means for percent of total time for the
less Important blocks of graph $3.

Figure 40: Piot of cell means for average flxation duration of the
less Important blocks of Graph $3.
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Flaure 41: Plot of cell means for percent of total time of the
important blocks of graph #4.
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Flauce 43: Plot of cell means for percent of total time for the

less important blocks of graph #4.
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Floure 45: Plot of cell means for percent of total time of the
important blocks of graph #6.

Fioura 46: Plot of cell means for average fixation duration of the

important blocks of graph #6.
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Eiaure 47: Plot of cell means for percent of total time for the

less important blocks of graph 86.

Figure 48: Plot of cell means for average fixation uration of the

less Important blocks of Graph #6.
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APPENDIX C

TABLES 11 THROUGH 18 REFERRED T0 IN CHAPTER 1V
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Table 11

o Cell Heans and leferences B
for Average Fixation Duration and Percent of Total Tlme
for lmportant Blocks of Graph #2

Block
Bluck
Bloc!
Blébk
Block
Biock
Block

Averaae leatlon Buratlon Percent Total Tlme
Exp: Nov: Diff. Exp.  Hov.  DIff.
478 .358 +.120 9.975 11.468 -1.493
194 145 +.049 2:430  1.481 +0.949

163 149 +.014 2,563  1.819 +0.744

526 478  +.230 18.428 21.444 -3.016

666 . 879  +.287 5.381 5.519 -0.201

2 3.474 -0.728
7

218 198  +.020 746 -0.72€
632  7.271  +40.361

414 331 +.083

ﬂwasummw
885

Table 12

celi Heans and leferences

for Avirage Fixation Duration and Percent of Total Time

for Less Important Blocks of Graph #2

Block
Block
Block
Block
Block
Block
Block

Average leatlon Duratlen Percent TSEii Tlﬁé
Exp. Nov. Diff. Exp. Nov.  Diff.
18 .233 .142  +.091 4.362 1.746 +2.616
27 .168 .162 +.006 3.446  3.905 -0.459
39 .337 .219 +.118 4.491  4.154 +40.337
48 158 .126 +.032 2.128  1.425 +0.703
49  .131 099 +.082 1.133  1.071  +40.062
53 (306 227 +.07% 5.695 5.938 -0.243
65 .138 .274 -.136 2.042 6.838 -3.796

p—
S
|
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Table 13

Cell Heans and Blfferences

for Average leatlon Duration and Percent of Total Time
for Important Blocks of Graph #3

Average Fixation I Durat ion Percent Total Time
Exp. Nov. Diff. Bxp.  Nov.  Diff.
Block 17 .271 .197 +.074 5.145  2.949 42.19%
Block 19 .20% .129 +.077 3.663 2.494 +1.169
Block 28  .381 .442 -.061 7.876 13.310 -5.434
Block 39 . .310 468 -.158 7.690 8.498 -0.808
Block 49 248 .323 -.075 5:471  6.190 -0.719
Block 50  .487 .519 =-,032 21.143 21.170 -0.027
Block 52  .170 .i35 +.035 3.852  2.271 +1.28t
Block 54  .346 .246 +:100 6.426  6.082 +0.344
Block 55  .156 210 -.054 4.182  2:135 42.047
Table 14
__.__Cell Means and Differences S
for Averaqe leatlon _Duratlon and Percent of- Total Time
for t Blocks of Graph #3
Average Fixation Duration Percent Total Time
Exp. Nov. Diff. Bxp:  Nov:  Diff.
Block 29  .088 .121 -.033 1.569  4.157 -2.568
Block 30  .076 .044 +.032 0.766 0.691 40.075
Block 38  .015 108 ~-.093 0.439  2.458 -2.019
Block 40  .104 .0768 +.026 1.068  0.628 +0.530
Block 42 ;075 .026 +.049 1.167  0.198 +0.969
Block 51 098 .095 +.003 0:914  0.764 +0.150
Block 63  .149 .186 =-.037 1.667 3.594 -1.927




. Cell Heans and leferences -

for Aéerage leatlon Duratlion and Percent of Total Time
for lmportant Blocks of Graph #4

Average Fixation Duration Percent Total Time

Bxp. Nov. Diff. Bxp. Nov.  DIft.
Biock 15  .189 .102 +.087 3.021 1.023 +1.998
Block 17  .318 .211  +.107 6:.788  3.525 +3.263
Biock 46  .237 .268 ;;33; 4:739 8.223 -3.484
Block 48  .172 .167 +.015 2,216 3.649 -1.433
Block 50  .442 .379 +.063 17.475 15.199 +2.276
Block 52 179 .122 +.057 2.045 3.315 -1.270
Block 54  .237 .245 -.008 3.650 5.641 -1.991
Block 83  .303 .196 +.107 2:896 2.466 +0.430
Block 85  .145 .092 +.053 1:797  1.303  40.494

Table 16

L Cell Heans and leferences .-

for Av;rage Fixatlon Duration and Percent of To*al Tlme

for Less Important Blocks of Graph #4

Average Fixation Duratlon Percent Total Tliie
Exp: Nov. Diff. Exp. Nov.  Diff.
Block 28  .333 .259 +.074 5.753  4.696 +1.117
Block 39 .17 -184 ,.613 3.058 2.@51 +0.197
Block 47  .300 .250 +.050 6.668 7.491 -0.823
Block 49 .096 091 +.005 1.266  1.103 +0.163
Block 53  .293 .131 +.162 5.260 3.483 41.777
Block 61  .149 .100 +.049 1.264 1.273 -0.009
Block 72 .213 157 +.056 3.425 1.685 +1:.540
146




iasie i%

for Averaqe leatlon DUratlen,andeetcggﬁgof Total Time
for Important Blocks of Graph #6

777777 Percent Tctal Time

Exp. Nov. Diff. Exp:  Nov.  DIff.
Biock 28 .598 .427 +.166 14.819 13.792 +1.027
Block 49 352 369 -.017 10:036 9.741 +40.295
Block 50  .405 .479 -.074 13.924 19.516 -5.591
Block 51 . 221 (113 +.108 3.512 1.326 +2:187
Block 52 . .363 .216 +.147 B.964 5.846 +3:118
Block 53  .198 (127 +.071 4.186  3.199 +0.987
Block 54  .356 .234 +.122 9.138  4.277 +4.911
Block 55 .186  .162 +.024 2.158 2.732 =0.574
Table 18
R Cell Heans and leferencga I
for iverage leatlon Duration and. Perceg;fgfﬁ?otal Time
for t Blocks of Graph #6
Average Fixation Duration Percent Total Time
Exp: Nov. Diff. Bp. Nov. Diff
Block 17  .128 .113  4.015 2;§§§ 0:882  +1.561
Block 29 -163  .191 -;p28 2.189  3.950 -1.761
Block 39 235 ;240 -.005 4.233 5.456 -1.223
Block 61  .090 .095 -.005 0.574  1.523 -0.949
Block 63  .141 .159 -.018 2.072  4.092 -2.020
Block 64 150 130  +.020 1.942 1.169 +0.773
Block 65  .174 .137 +.037 3.000 2.202 +1.571
Block 66 .136 .274 -.138 1.601  5.016 -3.415
Block 72 .207 .169 +.048 2705 2.434 40.27%
Block 75 127 ;037 +.0%90 1.412 0.169 +1.243
147
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